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INTRODUCTION 


URING the past twenty-five years there has appeared a considerable 
D amount of literature concerned with temperature-effective period 
studies on mutant races of Drosophila melanogaster. Adult characters 
which have drawn the most attention have been the compound eye, the 
wing, and the bristles. Most of the work on the eye has been done with 
Bar and its alleles (see especially DRIVER 1926 and 1931, LUCE 1931, and 
MARGOLIS 1935). Wing studies have been confined largely to vestigial and 
its alleles (see especially RrEDEL 1934, STANLEY 1935, HARNLY 1936, 
Harn Ly and HarRNLy 1936, and Li and Tsur 1936). The bristle studies 
have been on the bristle-removing genes, Dichaete (PLUNKETT 1926) and 
scute (CHILD 1935 and 1936, IvEs 1935). It has been found to be general 
in most of these studies that under the conditions of the experiments the 
adult expression of these several mutants is affected by a change in de- 
velopmental temperature over the viable temperature range (14° to 
31°C) during only a limited developmental period. This period has come 
to be known as the temperature-effective period (TEP) of the mutant 
character. 

This paper reports a series of experiments on scute (sc) using brief ex- 
posures to lethal temperatures (36° and 40°C). A preliminary account of 
part of this work has already been published (IvEs 1935). 


EXPERIMENTAL METHODS 


The methods used in these experiments were described in the prelimi- 
nary account. It has since been found, however, that the variation in 
experimental conditions (food and temperature) was enough to change 
bristle frequencies in the controls so that more than rough comparisons of 
data collected several months apart are unreliable. This accounted for 
many of the irregularities of the earlier report. Accordingly, all compari- 
sons have since been made between sib control and experimental flies which 
were raised under as similar conditions as possible. Special attention was 
given to the number of larvae growing together in a culture, to the age of 
the parents, and to temperature and food conditions. 

1 The Rufus B. Kellogg University Fellow of Amherst College, Amherst, Massachusetts. 
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Flies in part of the experiments were raised on moldex-treated food, 
(BRIDGES 1937). The moldex affected some of the bristle frequencies, pos- 
sibly by reducing the supply of yeast. It did not appear to affect the 
temperature responses of the bristles. 


PLAN OF THE EXPERIMENTS 


Experiments were carried out with sc males of two types: from sc 
females against sc males, and from sc females against vermilion (v) carna- 
tion (car) males; and with males of a wild type stock derived from the 
above sc-by-v car cross. The sc and v car stocks were inbred previous to 
beginning the experiments. Left-right correlations (PLUNKETT 1926) of 
the bristles considered were throughout the experiments negligibly small 
(less than 0.1) in both types of sc males in the control lines. 

Experiments were carried out with both of the above sc matings at 
40°C and at 36°C; and with the wild-type flies at 36°C, exclusive in each 
case of the first hour (the “a” exposure) during which the food temperature 
was rising from the control temperature of 25°C. The longest exposures 
were generally just under the limit of viable exposure for the majority of 
the culture population in each test. Variation in food temperature from 
culture to culture was mostly between 40 and 41°C, and 36 and 37°, 
respectively. The control food temperature, though constant to within 
about o.2° for each section of an experiment, varied between 25 and 26° 
from section to section, with most sections between 25 and 25.5°. Controls 
were raised for each section individually. 

The bristles considered in these experiments were as follows: anterior 
and posterior scutellars (As and ps), anterior notopleurals (AN), post- 
verticals (pv), ocellars (oc), and anterior and medial orbitals (or).-As 
reported by CHILD (1935), it was found that the last of these bristles could 
not be distinguished as to anterior or medial position in sc males and that 
they were practically never present together on the same side of the fly. 
(They were observed so together but once in some 500,000 half-fly obser- 
vations connected with these experiments.) They have therefore been 
grouped as OR in these experiments as they were in those of Dr. CHILD. 

Bristle frequencies have been computed on the basis of the half-fly unit 
(PLUNKETT 1926). A difference between two frequencies has been con- 
sidered significant when it equals or exceeds twice its standard error. In 
the data to be discussed, most of the differences between control and 
experimental frequencies are as large as four times their standard errors. 
To obtain low standard errors generally not less than 1000 half-fly obser- 
vations were made for each length of exposure tested. The controls were 
generally considerably larger in number. 

The experiments were designed to test the effects of graded lengths of 
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exposures to high temperatures during a number of developmental periods 
covering most of the development preceding the visible formation of 
bristles (ROBERTSON 1936). Thus, in the 40° experiments, exposures 
ranged from half an hour to three hours in length and tested a part of each 
of the egg, three larval, and pupal stages of development. In the 36° 
experiments two lengths of exposures were used, and each of the larval 
instars and the early pupal period were tested. The developmental period 
in each case has been calculated in hours from the beginning of the egg- 
laying period. Its spread represents the sum of the egg-laying and ex- 
posure periods. It is known that there was variation in developmental 
time for the larvae of a culture population, making the calculated time 
only approximate. It probably represents the position of the considerable 
majority of the larvae, since late-hatching flies were not classified for 
bristles. 

No attempt was made to determine exactly the relation of the tested 
developmental periods to such physiological landmarks in development as 
the hatching of the egg, the larval molts, and pupation. But it was noted 
that pupation (cessation of larval movement and eversion of anterior 
spiracles) took place in the control series at an approximate mean of 120 
hours after egg laying. From a number of studies on the time interrela- 
tions of the above stages of development (see PowsSNER 1935 for one) the 
following general time chart is suggested for practical use here: 


+ Fk: oe ey o to 24 hours 
Eiest 2arval MiStar «.... <1 oss sou 24 to 48 hours 
Second larval instar.............48 to 72 hours 
ep eee 72 to 120 hours 
io. én.cte nies a PAS ae 120 hours on. 


A comparison of this chart with the tables of data to be presented will 
indicate the developmental stage during which the indicated treatment 
was given. 
THE EXPERIMENTAL DATA 
The 40°C experiments 


The data for the sc males in the 40° experiment with the sc-by-v car 
mating are summarized in table 1 as frequencies of bristles present per 100 
half-flies. Where no effect of the temperature treatment was apparent 
following any of the exposures, all of the exposure series, from “a” through 
three additional hours of 40°C, have been added together. When a tem- 
perature effect was apparent, the data from the shortest exposure to show 
the effect and the data from all longer exposures have been added together. 
Thus each frequency represents a mean of several groups of data. The 
shortest exposure included in each frequency is indicated in each case 
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above the frequency. As a general rule, increasing the length of the ex- 
posure did not increase a temperature effect, once the latter had been 
established. Left-right correlations were similar to their respective con- 
trols, less than 0.1, and not statistically different from 0, indicating that 
the effect was upon the population as a whole. With each experimental 
frequency is given the corresponding control frequency and the standard 


TABLE I 


s¢ 9Q9Xv car of '—4o°C.—Bristles present per roo half-males. 














GROUP PS AS AN PV oc OR 




















o to 10 hours a a a a a a 

(a—z2 hours) 0.08 2.39 0.82 0.58 11.28 12.84 
Control 0.29 2.60 0.22 0.43 3-39 7.8% 
S.E. of diff. 0.17 0.64 0.29 0.29 1.03 1.18 
20 to 30 hours a a a 13 hrs } hr. 3 hr. 
(a—3 hours) 0.36 2.49 0.71 0.22 8.53 7.50 
Control 0.52 2.39 0.57 0.62 4-53 4.87 
S.E. of diff. 0.09 ©.20 O.II O.II ©.39 0.38 
48 to 58 hours a a a 4 hr. 4 hr. a 

(a—3 hours) 0.24 1.44 0.39 0.09 9.23 8.83 
Control 0.39 2.23 0.43 0.30 3-52 5-55 
S.E. of diff. 0.11 0.27 0.13 0.09 0.42 0.47 
72 to 82 hours a a a a a 1 hr. 
(a—3 hours) ©. 26 2.24 0.78 0.08 9.95 4-95 
Control o.1I 2.12 O.II 0.22 5-37 6.88 
S.E. of diff. 0.10 0.38 0.13 O.II 0.63 0.67 
96 to 106 hours a a a a 3 hr. a 

(a—3 hours) 0.25 2.03 0.53 0.30 5.70 4.68 
Control 0.36 2.26 ©.40 0.31 3-50 5.81 
S.E. of diff. 0.12 0.29 0.13 O.1I ©.40 ©.45 
120 to 130 hours a a a a a 1 hr. 

(a—3 hours) 0.13 1.97 0.34 0.61 6.81 5.20 
Control 0.29 2.60 0.22 0.43 3-39 7.13 
S.E. of diff. 0.15 0.47 0.15 0.21 0.61 0.78 





error of the difference between the two frequencies (S. E. of diff.). Under 
the heading “‘Group” are included the developmental period during 
which treatment was given, and in parentheses under that, the minimal 
and maximal exposures used. In the o to 1o hour and 120 to 130 hour 
groups only even hour exposures were used; but in the others the length 
of exposure time was increased by half-hour steps. 

The data of table 1 show clear effects of the temperature treatment on 
the oc and or frequencies in each of the several developmental periods 
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tested. The oc frequency was increased in each period. The or frequency 
was increased in the egg and first two instar periods and was lessened in 
the two-third instar periods and in the early pupal period. The frequencies 
of the other bristles are so small in the control data that small changes in 
them in either direction are not easily detectable, especially when the 
frequencies are interpreted in relation to a threshold amount of bristle- 
forming substance (CHILD 1936). It is apparent, however, that large 
changes (such as will be noted in the 36° experiment in the cases of the 
ps and As frequencies) were not brought about by the 40° treatment. The 
apparent small changes in frequencies of ps and As bristles are probably 
not significant, for when the six exposure groups comprising each fre- 
quency are considered individually their differences from their controls 
in each instance are not consistent in direction. The experimental fre- 
quency varies above and below the control, apparently at random. This 
is not true in the case of the pv frequency which, beginning with the one 
and one half hour exposure in the 20 to 30 hour group and with the half 
hour exposure in the 48 to 58 hour group, was consistently below the con- 
trol frequency in each of the succeeding higher exposures. It appears 
likely, therefore, that this represents a real effect of the temperature. The 
AN frequency was consistently different from the control in only the o to 
10 and 72 to 82 hour groups. In each case the control frequency was lower 
than usual, making the temperature effect a doubtful one. 

Correlation coefficients were calculated for the one-by-one combinations 
of frequencies represented in table 1. None of them were significantly dif- 
ferent from zero. While the correlation coefficient does not give an accu- 
rate measure of the intensity of association of bristles with each other, the 
absence of correlation here probably indicates the same sort of inde- 
pendence of one bristle from another as was found by CHILD. 

Following the sc-by-v car experiment, a similar but less extensive series 
of tests was run with the sc-by-sc mating. There appeared to be consistent 
differences in some of the control frequencies in the two types of sc males. 
The changes from the sc-by-v car frequencies in bristles present per 100 
half-males were in the order of from 0.6 to 0.06 for the ps bristles, from 
3.3 to 0.6 for the As, and from 5.2 to 12.1 for the or, when several repre- 
sentative control series of different population densities were averaged 
together for each mating. There did not appear to be significant differ- 
ences in the other frequencies. The differences noted here maintained 
themselves later in a test of the two matings raised together in time and 
under similar environmental conditions. 

The data from the sc-by-sc 40° experiment are summarized in table 2 in 
a form similar to that of table 1. Exposures of less than one hour beyond 
a were not used. The exposures included in each section of the data are 
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indicated under the statement of the developmental period tested. One 
hour exposures were not tested in the 48 to 58 and 72 to 82 hour groups. 
In the 96 to 106 and 120 to 130 hour groups each of fhe tested exposures 
was lethal to many larvae and pupae, making necessary the summation 
of the three exposures in each case to secure significant numbers of 
observations. 

TABLE 2 


sc 9 9 Xst a o'—4o°C.—Bristles present per roo half-males. 


GROUP PS AS AN PV or OR 
o to ro hours 0.14 0.97 2.50 54 4-73 13.48 
(1 hour) 
Control 0.07 1.11 o.81 o.88 2.50 9-93 
S.E. of diff. 0.16 0.46 0.63 0.52 ©.90 1.51 
20 to 30 hours ° 0.73 1.45 1.00 8.04 20.92 
(1; 2; 3 hours) 
Control ° ©.37 0.57 0.63 86 16.9 
S.E. of diff. 0.25 0.33 0.30 0.78 1.28 
48 to 58 hours ° 0.42 1.00 0.25 6.28 14.98 
(2; 3 hours) 
Control ° O.II 0.82 0.71 4.24 5 
S.E. of diff. 0.20 0.33 0.20 0.78 
72 to 82 hours 0.30 1.59 4.78 1.32 5.74 11.80 
(2; 3 hours) 
Control 0.13 1.05 0.98 1.16 2.78 7.47 
S.E. of Diff. o.1I 0.27 0.4 0.25 0.49 0.69 
96 to 106 hours 0.27 2.22 3.91 1.16 9.68 { 


(1; 2; 3 hours) 


Control 0.27 1.64 1.54 0.51 5-63 5.87 
S.E. of diff. 0.18 0.50 0.63 0.35 0.98 0.83 
120 to 130 hours ° 0.83 1.28 0.60 4.53 5-14 
(1; 2; 3 hours) 

Control ©.04 0.56 °.gI 0.37 5.03 5.06 
S.E. of diff. 0.02 0.27 0.33 0.22 0.63 0.66 


As in the sc-by-v car experiment, the clearest effects of the temperature 
in the data of table 2 are in the oc and or frequencies. The oc frequency 
was increased in all but the early pupal period. The or frequency was 
increased through the early third instar period; but it was unaffected in the 
later third instar and early pupal periods. The an frequency was also af- 
fected in this mating, being increased in the egg, first instar and third 
instar periods. The pv frequency was affected, if at all, during only the 
second instar, when it appears to have been lessened. As in the v car 
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mating, the ps and As frequencies did not appear to be significantly af- 
fected at any time. 

A comparison of the data of tables 1 and 2 indicates small but probably 
significant differences in response to temperature treatment with respect 
to the AN, Pv, Oc, and or frequencies—mainly in duration of the 40° TEP. 
The pv, oc, and or TEP’s are longer in the v car mating; the AN TEP is 
longer in the sc-by-sc mating. Differences will be shown to exist also in the 
responses of the two types of sc males to 36°C. 


The 36°C experiments 


Preliminary tests at 36° with the sc-by-v car mating showed that ex- 
posures as brief as four hours during the first and second instars produced 
no significant changes in bristle frequencies. Subsequent experiments were 
made with much longer exposures. The results of these tests are summa- 
rized in table 3. The most significant frequency changes are those of the ps 
and As bristles. These frequencies were increased during each of the larval 
periods tested, although the affect on the ps frequency is on the border line 
of significance in the second instar. The AN frequency was not affected at 
any time. The pv frequency was lessened during every period tested. The 
oc frequency was very irregularly affected. It was unchanged in the first 
instar and in the first half of the third instar. In the second instar it was 
very strongly increased. During the late third instar period it appears to 
have been lessened by the 24 hour exposure and increased by the 30 hour 
exposure in each case by three times the Standard Error of the difference. 
In the early pupal period it was again considerably lessened. The or fre- 
quency was increased during every period, the increase in the late third 
instar series appearing only in the 30 hour group. 

It is evident in the data of table 3 that the effects on the ps and As fre- 
quencies were most pronounced during the third instar series; and that 
the 30 hour exposures produced a greater change than did the 24 hour 
exposures. The first of these observations suggests a period of greater 
sensitivity, perhaps related to CHILp’s viable temperature TEP. Left- 
right correlation coefficients of these bristles in these series were com- 
paratively high, being between o.2 and o.5 as compared to control coef- 
ficients of less than o.1. These coefficients are high enough to indicate that 
the temperature effect was not uniform in all the larvae so far as the Ps 
and As bristles were concerned. They suggest, too, that the higher fre- 
quencies of the longer exposure groups are the result of more larvae having 
been affected by the temperature with respect to these bristles. 

When the data are compared with those of table 1, the 40° data from the 
same mating, it is clear that there is a fundamental difference in the affects 
of nearly lethal exposures to the two temperatures on some if not all of 
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the bristles considered. The differences are greatest in the responses of the 
PS, AS, and oc bristles. The differences between the controls in these two 
series are due partly to the inclusion of moldex in the culture media and 


TABLE 3 


s¢ 9 9 Xv card’ af’ —36°C.—Bristles present per 100 hal f-males. 





GROUP PS AS AN PV oc OR 








24 to 53 hours 2.43 14.00 1.93 1.07 9.86 6.78 
(16; 22 hours) 





























Control A 0.76 4.26 1.60 1.98 10.58 3.27 
S.E. of diff. 0.47 1.08 0.51 0.48 r.27 0.83 
44 to 74 hours 1.67 8.22 £23 0.43 12.90 4.02 
(24 hours) 

Control B t.83 5.38 1.72 1.51 6.52 1.78 
S.E. of diff. 0.41 0.86 ©.40 0.32 1.01 0.57 
45 to 82 hours 1.49 10.54 1.88 0.63 22.50 6.17 
(30 hours) 

S.E. of diff. °.4I 1.03 0.53 0.45 1.45 0.83 
from control A 

68 to 101 hours 7.26 12.88 2.58 0.53 10.22 6.36 
(24 hours) 

Control C ©.90 5.64 2.42 1.64 10.61 2.69 
S.E. of diff. 0.73 1.02 0.52 0.30 0.99 0.73 
68 to 105 hours 16.39 22.25 2.26 0.68 11.48 4.83 
(30 hours) 

S.E. of diff. 1.03 r.37 0.54 0.45 1.22 0.76 
from control A 

g2 to 126 hours 12.35 15.50 3.46 ©.47 7.49 2.81 
(24 hours) 

Control D ©.99 6.57 2.97 1.4! 10.63 2.29 
S.E. of diff. 0.83 1.05 0.58 0.32 0.95 0.52 
go to 128 hours 20.44 22.75 2.18 0.27 14.84 8.31 
(30 hours) 

S.E. of diff. 1.51 1.60 0.60 0.29 1.41 1.06 
from control C 

116 to 148 hours 2.04 4.69 1.80 ° 6.25 6.62 
(25 hours) 

S.E. of diff. 0.52 0.81 0.53 0.22 1.00 0.91 


from control C 


partly to a control temperature of 26° during the most of the 36° experi- 
ment. Preliminary experiments at 35 to 37° with non-moldex food and at 
indicated the same sort of temperature re- 


a control temperature of 25° 
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sponses as in table 3. The differences between the 40° and 36° bristle 
responses are due therefore to differences in the nature of the effects of the 
two temperatures and not to differences in other experimental conditions. 


TABLE 4 


sc 299 Xsc A A—36°C.—Bristles present per 100 half-males. 












































GROUP PS AS AN PV oc OR 

15 to 34 hours 0.04 0.67 1.55 0.84 6.87 16.66 
(6; 12 hours) 

Control 0.09 0.41 0.63 0.68 5-47 13.25 
S.E. of diff. 0.07 0.22 0.30 ©. 26 0.71 1.05 
24 to 57 hours 0.08 1.23 1.70 0.39 5.01 16.96 
(12; 24 hours) 

Control 0.06 0.17 0.61 0.61 3.09 8.34 
S.E. of diff. 0.10 0.32 0.40 0.25 0.73 1.23 
48 to 80 hours ° 0.35 1.48 0.21 4-43 7.94 
(12; 24 hours) 

Control ° 0.07 0.70 ©.42 2.23 8.93 
S.E. of diff. 0.18 ©.39 0.21 0.67 1.04 
72 to 92 hours 1.23 5.82 0.49 0.49 8.28 6.56 
(12 hours) 

Control ° 0.59 1.61 0.46 8.38 15.83 
S.E. of diff. 0.32 70 0.46 0.29 1.23 1.43 
72 to 107 hours 7.82 16.84 0.60 0.34 4.90 5.50 
(24 hours) 

Control ° 0.59 2.10 0.45 4.06 8.42 
S.E. of diff. 0.79 1.05 ©.60 0.31 ©.99 1.27 
96 to 116 hours 0.22 3-99 3-99 O.I1 3-66 4.88 
(12 hours) 

Control 0.15 0.26 0.70 ©.50 2.92 8.08 
S.E. of diff. 0.17 0.66 0.67 0.16 0.69 0.86 
120 to 140 hours 0.15 0.30 0.89 0.30 3.26 6.07 
(12 hours) 

Control 0.15 0.26 0.70 0.50 2.92 8.08 
S.E. of diff. 0.16 0.23 0.39 0.24 0.74 1.03 





Following the above 36° experiment a similar experiment was carried 
out with the sc-by-sc mating, the data from which are summarized in 
table 4. This mating could not stand 30 hours at 36° at any period of 
development. Exposures as brief as three hours proved fatal in early em- 
bryonic development; and 24 hours was intolerable during the 96 to 116 
and 120 to 140 hour periods. The data show that the only significant ef- 
fects on the ps frequency occurred during the first half of the third instar. 
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The As frequency was increased during the second and both third instar 
periods. The frequencies of these bristles in the controls, however, was so 
low that lesser increases such as indicated in the v car cross in table 3 
would probably not have been detected. As in that mating, the tempera- 
ture effect here was greatest for these bristles during the third instar and 
during its longer exposure. The AN frequency was increased during the 
first and second instars, and during the late third instar. It was lessened 
during the first half of the third instar. The pv frequency was lessened 
during the late third instar, and apparently unaffected at other times. The 
oc frequency was increased during the first and second instars, and un- 
affected in later periods. The or frequency was increased during the first 
instar; it was not significantly affected during the second instar; and it 
was lessened in the third instar and early pupal periods. 

A comparison of these data with those of table 3 indicates differences 
in the responses of the two types of sc males to 36° which are clear in the 
cases of the AN, PV, Oc, and or bristles, and which may also extend to the 
ps and As bristles. Considered together with the similar comparisons of 
the data of tables 1 and 2 and of their respective controls, which were 
made above, they suggest strongly the presence of genetic modifiers of sc 
which differ in the sc and v car stocks and which determine to some ex- 
tent the type of temperature response observed. 

A comparison of the data of tables 4 and 2 indicates, as did the similar 
comparison between tables 1 and 3, a difference in the responses of geneti- 
cally similar sc males to 36° and 40°. The differences in this case, too, ex- 
tend to some extent to every bristle considered. 

It is worthy of note here that the differences in the effects of 36° and 
40° on either type of sc male are greater than are the differences in re- 
sponse of the two types of sc males to either temperature. For example, the 
data of tables 4 and 2 resemble each other much less than do the data of 
tables 4 and 3, with respect to the temperature effects indicated. Thus, in 
these experiments the temperature treatment given appears to be more 
important than the genetic modifiers present in determining the resultant 
bristle-frequency response. Whether this would be true in experiments 
involving sc males with other genetic modifiers can not be stated. Even 
here the statement is not equally applicable to all the bristles considered. 
The AN bristle response in table 4 resembles much more that in table 2 
than it does that in table 3, considering the several developmental periods 
as a group. This indicates that the modifiers are of more importance for 
the AN bristle in these experiments. For the other bristles, however, the 
temperature treatment appears to be the stronger determining factor 
in the nature of the response. 


After these experiments with sc males a 36° experiment was carried out 
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with a wild-type stock which contained the normal allele of sc from the 
v car stock and the normal alleles of v and car from the sc stock. The auto- 
somes were in non-regulated proportions from the two stocks. The cyto- 
plasm was from the sc stock. The data from the males of this experiment 
are summarized in table 5. Each bristle frequency per half-male was so 


TABLE 5 
Wild-type J SJ — 36° Bristles present per roo half-flies. 

GROUP PS AS AN PV oc OR 
Control 98.90 99.54 100 100 99.90 99.97 
24 to 55 hours 96.17 98.62 100 100 100 100 
(12; 34 hours) 

S.E. of diff. 0.51 0.31 

48 to 81 hours 97.06 7.58 100 99.92 100 100 
(12; 24 hours) 

S.E. of diff. 0.38 0.32 0.06 

2 to 94 hours 86.20 93.86 100 100 100 .87 
7 99-97 
(12 hours) 

S.E. of diff. 1.26 0.88 0.13 
72 to 107 hours 49.44 61.60 100 97.62 99.31 98.71 
(24 hours) 

S.E. of diff. 1.59 1.54 0.48 0.26 0.36 
96 to 124 hours 95-94 95.18 100 99.62 99.77 99.32 
(12 hours) 

S.E. of diff. 0.57 °.60 0.17 0.14 0.23 
120 to 154 hours 98.61 98.92 100 99.89 100 99.89 
(12 hours) 

S.E. of diff. 0.42 0.36 O.II O.II 


high that an increase in frequency in the treated lines would not have 
been apparent. A decrease in frequency was detectable, however. It can 
be seen from the table that there was a significant decrease in the ps and 
AS frequencies in each of the larval period series, with a relatively very 
large decrease in the third instar series. For practical considerations this 
effect is the reciprocal of the effect on sc males of comparable genetic 
background shown in table 3. With respect to the other bristles, the only 
apparent effect of the treatment occurred in the third instar series, in the 
period of greatest effect on the ps and As frequencies. With the exception 
of the AN frequency, which was unaffected in either experiment, the other 
bristle frequencies do not appear to bear any respective relation to each 
other in their temperature responses in tables 3 and 5. 
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DISCUSSION 


The data of tables 1 through 5 indicate the kinds of changes produced 
in bristle frequencies in Drosophila males by nearly maximum exposures 
to temperatures above the viable range. The data of the first four of these 
tables indicate that such changes may be produced in sc males for one 
bristle or another during practically any period of development previous 
to visible formation of the bristles in the young pupa. The data of table 5 
indicate that some of the bristle frequencies of wild-type flies are also 
affected by such treatment, some of them in a direction opposite to the ef- 
fect in sc males. 

Comparisons of the data of tables 1 through 4 with each other have been 
discussed above. They make clear the following observational conclusions. 
The nature of the temperature response in bristle frequencies in sc males 
depends upon (1) the temperature treatment given, (2) the develop- 
mental period during which the treatment is given, (3) the modifiers pres- 
ent in the treated stock, and (4) the bristles which are considered. 

Since we do not know the chemistry of bristle formation these data 
can not be discussed with reference to specific substances involved. They 
must therefore be discussed in terms of a general and theoretical develop- 
mental scheme. A number of such schemes have been suggested. 

The non-existence of a pattern relationship of the bristles in sc such as 
developed by Dusrinin (1929) and others, and by STURTEVANT and 
SCHULTZ (1931) was pointed out by CHILD (1935). His results have been 
confirmed by calculations from the data in both control and treated lines 
in some of these experiments. Similarly confirmed is CHILD’s evidence of 
the non-existence of such a physiological gradient scheme as proposed by 
GOLDSCHMIDT (1931). The bristles of the sc pattern appear to develop 
independently of each other in sc flies. 

A very general theory, currently known as the “rate theory,” was pro- 
posed by PLUNKETT (1926) and has since been developed and applied by 
him (1932) and others in interpreting the effects of both genes and environ- 
ment upon the adult characters of an organism. (See PowsSNER 1935 for 
diagrammatic illustration.) Based upon orthodox concepts of physical 
chemistry and the general concepts of genetics, this theory postulates that 
both genes and environmental forces (such as temperature) affect a given 
phenotype (such as that of sc) by changing the rate or duration, or both, 
of processes—physical, chemical, biological—involved in the development 
of the phenotype. The effects on duration, which can be, to some extent, 
directly measured, are interpreted as being determined in turn, by effects 
on rates of other developmental processes. 

The data of the above tables can be explained on such a broad and 
generalized theory; but the number of arbitrary assumptions which must 
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be made for a detailed analysis is too great to make such an analysis profit- 
able at this time. Using the response of the oc bristle in the 40° experi- 
ments and the responses of the ps and As bristles in the 36° experiments of 
both sc and wild-type males, the author, for his own satisfaction, has 
worked out most of the details for one such schematic analysis in each case, 
with the aid of Dr. Cu1Lp. The above data, while not useful at present as 
confirmatory evidence for the rate theory, are not in conflict with it. 

A comparison may be made between the TEP’s found in these studies 
and the TEP found in CHILD’s experiments. The difference, as already 
noted, is very marked, since in this case the TEP varies distinctly from 
bristle to bristle and occupies every part of bristle development for one or 
another of the bristles. In CHrILp’s experiments the TEP was approxi- 
mately the same for all bristles at all temperatures studied, being limited 
to the latter half of the third instar when a culture population was con- 
sidered. The simplest explanation of this apparently fundamental differ- 
ence between the two groups of data is that many more of the reactions 
involved in bristle formation are susceptible of effective change by high 
temperature treatments than by viable temperature treatments. In fact, 
the differences in the data from the two types of treatment—and espe- 
cially the considerably more complex nature of the data from high tempera- 
ture treatments—may be interpreted as indicating the presence of more 
developmental reactions concerned with bristle formation than one is led 
to suspect from the data of the viable temperature studies alone. CHILD’s 
rather strictly limited TEP led him to conclude that the effect of tempera- 
ture was in the main on the same reaction at each bristle site, and that 
small differences between bristle locations with respect to rate or duration 
of the temperature-affected reaction satisfactorily account for the observed 
differences in amount and direction of change in the bristle frequencies. 
It can not be shown that the same reasoning does not apply to the results 
of these high temperature studies. But the data picture is so much more 
complex—amarked differences in TEP position and length, both between 
bristles and between the 36° and 40°C experiments—that such an expla- 
nation seems too simple in this case. The results suggest rather that we 
are probably concerned here with other reactions which are not detectably 
affected by changes within the viable temperature range. We may carry 
this analysis a step further and suggest that the differences in bristle fre- 
quency responses to 36°C as compared to the respective responses to 40°C 
indicate that the reactions detected by the two treatments are for most of 
the bristles different within themselves. Thus we may consider each of the 
three treatments—viable temperature, 36°C, and 40°C—as being specific 
for certain reactions which respond detectably to it and not detectably, if 
at all, to either of the other two. 
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GOLDSCHMIDT (1938) has intimated that such a comparison of viable 
and lethal temperature data is not permissible because the high tempera- 
ture treatment is probably “destructive.” This is a generally accepted 
interpretation of high temperature effects on living matter and many 
substances associated with it. However, biochemical studies on such sub- 
stances as enzymes generally reveal “destructive” or “inactivating” tem- 
peratures to be considerably above those used in this series of experiments. 
And in the particular case in point this criticism does not carry so much 
weight as it may at first seem to. The variations in bristle frequencies 
which are brought about by the two types of treatment, with viable 
temperatures and with lethal temperatures, are not markedly different in 
magnitude, considering them as a whole. And while the effect of high 
temperature, especially of 40°C, seems to cause a reaction to go to com- 
pletion within one or two hours, or even less (no increase in effect with 
increase in length of exposure), the temperature-effective period for the 
individual fly through the viable temperature range is itself not a long 
time. It may be that in both cases we are dealing with reactions which take 
place quickly and that there is no difference in the strictly temperature 
effect. On the whole, the differences between the data from the two types 
of treatment are not such as to suggest at present that in one case the 
effect of temperature is preponderantly “destructive” and in the other 
“constructive,” in whatever sense one chooses to use those terms with 
reference to the bristles considered. It seems better, for the present at 
least, to interpret the differences between the viable and lethal tempera- 
ture data as has been done in the preceding paragraphs. 

Studies upon mutant character TEP’s appear to have been made origi- 
nally with the hope of detecting periods of specific gene activity. It is 
clear, however, that such a direct relation between the two can not be de- 
termined by methods thus far reported. The effects of the temperature 
treatment may be upon reactions whose components or products are later 
used in reactions controlled by a given gene or its products; or they may 
be directly upon such gene controlled reactions; or they may be upon sub- 
sequent reactions involving the products of such gene controlled reactions. 
The TEP is only the time in development during which such an effect is 
produced; it does not indicate which of the above types of effect is being 
produced. It is the time when the phenotype is changed by the experi- 
mental technique used, the relation of the change to specific gene action 
remaining obscure. This is as true for Cu1tp’s TEP as it is for the TEP’s 
detected by higher temperatures. It is also true for all TEP studies thus 
far reported. 

It may be argued that the temperature effects on sc-affected bristles 
are not on the effects of the sc gene (in any of the three ways outlined 
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above); but that instead they are upon the effects of other bristle-fre- 
quency-modifying genes which the presence of the extreme modifier, sc, 
makes visible. When the bristle frequency is interpreted on the basis of 
CHILD’s (1936) application of the threshold principle this argument is 
strengthened. In the absence of sc such modifiers might well be unable to 
move the amount of bristle-forming substance detectably nearer to the 
threshold amount necessary for bristle formation, when a population of 
flies is considered. A comparison of the data of table 3 with those of table 
5 sheds some light on this point. In the one case the data are from sc flies, 
in the other from non-sc flies. From the comparison of sc males of the 
sc-by-v car mating with those of the sc-by-sc mating evidence was obtained 
for the presence of genetic modifiers of sc. PAYNE (1920) found two such 
modifiers. Doubtless there are others. In addition, we know that there are 
many mutant genes which affect bristle frequencies. Some of these are 
known to respond to viable temperature changes in their bristle effects. 
It is probable that their normal alleles do also exert some influence on 
bristle frequencies. We may consider, then, that for practical purposes the 
differences between the temperature responses of sc males in table 3 and 
the closely related wild-type males in table 5 are due to the effects of 
temperature on sc plus the group of modifiers in table 3 and on the modi- 
fiers alone in table 5. The wild-type allele of sc is here considered only as 
one of a large group of modifiers and not necessarily any more important 
in its temperature response than any of the other wild-type alleles of 
known bristle-affecting mutant genes. From the differences between the 
two tables it is clear not only that there is a marked effect of temperature 
on the ultimate effect both of the sc gene itself and of the modifiers as a 
group but also that the response of sc is opposite in direction to the re- 
sponse of the modifiers as a group, at least for the bristles most obviously 
affected. The strength of this statement is lessened perhaps by the fact 
that we can not determine, from these data at least, how much of this 
difference is due to possible qualitative effect of sc on the temperature re- 
sponse of the modifiers, individually or as a group. 
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SUMMARY 


(1) Bristle frequencies were tabulated for two races of sc males treated 
with nearly maximum exposures to 40°C and to 36°C, and for closely re- 
lated wild-type males treated with 36°C, the treatments varying in length 
and being given at various times in egg-larval-pupal development. 

(2) In the 40° experiments the oc frequency was increased during nearly 
all of bristle development; the AN, pv, and or frequencies were less ex- 
tensively affected; and the ps and As frequencies were unaffected. 

(3) In the 36° sc experiment the scutellar frequencies were increased 
during the larval period and especially in the third instar. The other 
bristles were less extensively affected. 

(4) In both 36° and 40° sc experiments there were consistent differences 
in both control bristle frequencies and in frequency responses to the tem- 
perature treatment between males from a sc-by-v car cross and those from 
a sc-by-sc cross. 

(5) In the wild-type 36° experiment the scutellar frequencies were les- 
sened in each tested larval period and especially in the third instar. The 
other bristle frequencies were only slightly affected. 

(6) The effects of 40° and probably of 36° on bristle frequencies do not 
appear to be increased by lengthening the exposure period beyond that 
needed to establish the effect in the entire population. 

(7) The nature of the effects of temperature on the bristle frequencies 
of sc males depends upon the temperature used, the developmental period 
treated, the genetic modifiers present, and the bristles considered. 

(8) The absence of correlation between bristles in both control and 
treated lines confirms the results of CHILD in demonstrating the non- 
existence of “pattern” relationship or “gradient systems” in sc. 

(9) The data are explainable in terms of the “rate theory” of gene and 
environmental effects on developmental processes, but are not critical for 
the theory itself. 

(10) Extensive differences between the results following the 40°, 36°, 
and CuILp’s viable temperature treatments are interpreted as indicating 
that probably different reactions are affected detectably by each of the 
three treatments. 

(11) The data do not indicate that the effects of high temperature are 
necessarily different in nature from those of viable temperature. 

(12) The TEP is the time when the phenotype is changed, but it does 
not indicate the relation of the change to specific (mutant) gene action. 

(13) The differences between the 36° effects on sc and wild-type males 
are interpreted as indicating that the temperature affects the ultimate 
bristle effect of both sc and the group of modifying genes, and that in this 
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case the direction of the effect on sc is opposite to that on the other bristle 
modifiers as a group with respect to the bristles most clearly affected. 
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INTRODUCTION 

HE problem of the manner in which genes produce their effects may 
"a favorably approached in a study of the coat color of mammals, 
as there is reason to believe that the chain between gene and phenotype 
is here relatively short. The persistence of color in mutant spots and in 
transplantation experiments indicates that the pigment is determined 
locally, and the processes concerned continue throughout life, as hair is 
constantly being shed and replaced. The guinea-pig is particularly good 
material for work on pigmentation because of the studies of WRIGHT 
(1916, 1917, 1925, 1937), who described the effects of its color factors in 
different combinations and attempted to determine from those the sim- 
plest possible scheme for the interactions of the gene products involved. 
This provides a background for further work, an hypothesis which may be 
tested. 

The main color factors of the guinea-pig fall into three groups. The first 
group has to do with the restriction of coloration to a piebald pattern on 
a white ground, and is represented by the pair S, s, and minor modifiers. 
The second group has to do with the primary qualitative differentiation 
of pigment, that between yellow and darker colors. It is represented by 
E (black, sepia, brown, etc.), e (tortoise), e (red, yellow, cream, etc.), 
and by A (agouti), a” (dark agouti), a (solid black, etc.). The third group 
of factors varies the intensity of color in the sepia or yellow series, or both, 
but not their distribution. This group includes the albino series (C, c*, c4, 
c’, c*), affecting the intensity of both yellows and sepias; P, p and B, b, 
affecting only the sepia series; and F, f affecting yellows in all combinations 
but sepias only in combination with p p. This paper deals mainly with the 
third group of factors and somewhat with the qualitative differences be- 
tween the pigments produced by E and e. 

The colored materials of the hair are melanins, proteins of unknown 
composition, probably derived from tyrosin, dioxyphenylalanin, or allied 
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substances. They are found widely distributed in both vertebrates and 
invertebrates, although it is highly probable that all melanins are not 
identical. They are characterized by extreme inactivity and generally by 
dark color. A description of them and their properties may be found in 
FURTH (1924) and SAMUELY and StTRAusS (1922). The exact manner of 
formation of these substances is not known, but since the discovery of 
tyrosinase by BERTRAND (1896), it has been generally accepted that a sub- 
strate, or chromogen, and an oxidative enzyme are involved. BLocu (1917) 
found that the enzyme in human pigment-forming cells reacts to dioxy- 
phenylalanin (dopa) and not to tyrosine, and called it dopaoxidase. The 
results of W. L. RussELt (1939) indicate that dopaoxidase is effective in 
guinea-pig pigmentation also. The studies of RAPER (1928, 1932) have done 
much to further our knowledge of the possible stages in the reaction lead- 
ing from tyrosine to melanin. Although knowledge of the concentration of 
any component of the pigment reaction would be of value in a quantitative 
study of gene action, one obviously essential step is a determination of the 
actual quantities of end-product present in various genotypes. 


GENERAL METHODS 


Quantitative measurements of the melanins in hair are made difficult 
by their inactivity and the great similarity of their reactions to those of 
the hair protein, keratin. The possible mechanisms for separating these 
two components of mouse hair are discussed by EINSELE (1937). He con- 
cludes that acid hydrolysis is most suitable, as both keratin and melanin 
are alkali soluble, but although keratin may be hydrolyzed by sufficiently 
long treatment with concentrated acid, the melanin is unaffected by this 
treatment. In view of the distinction made by GORTNER (1912) between 
acid-soluble and acid-insoluble melanins, it should be noted that EINSELE’s 
statement concerning the insolubility of mouse melanin depends on the 
fact that the color obtained in the acid hydrolysate is always pale yellow, 
showing no correlation with the amount of melanin in the hair treated. 
From this he concludes that no melanin has been dissolved in the acid. By 
this same reasoning the same conclusion holds for guinea-pig melanin. The 
acid hydrolysate here is always straw-colored, and no differences in color 
are found corresponding to the intensity or type of color in the hair, even 
in the extreme cases, black, red and white. This method may be used for 
isolating melanin for quantitative comparison of various types on the as- 
sumption that if there is any effect of the acid not detected by the color of 
the hydrolysate, it is approximately the same for all types. EINSELE’s 
method of acid hydrolysis was adopted for the isolation of guinea-pig 
melanin. However, the lightness and flocculence of the dilute yellows has 
made their separation from an acid hydrolysate so difficult that results 
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for these types by this method are not sufficiently accurate, and it has 
seemed advisable to measure the concentration in yellows by some other 
method. 

As reported by DurHAm (1904), the yellow pigment in guinea-pig hair 
is much more soluble in alkali than is the sepia. I found the yellow pigment 
completely and rapidly soluble in cold dilute alkali, while the sepia 
dissolves very slowly and never becomes completely dissolved by this 
treatment. This high solubility of yellows in alkali has made possible 
colorimetric comparisons of the color obtained from the various yellow 
genotypes, providing the desired substitute for the acid hydrolysis of 
these types. 

EINSELE followed his isolation of melanin by a determination of the 
percent of the total weight which it formed in each type. He obtained con- 
sistent results when the percent weight was two or over, but not below 
this figure. Unfortunately, the weights of melanin are less in the guinea-pig 
than in the mouse, and in the pale sepias (E p p) and yellows (e e), the 
amount seems to be too low for accurate determinations. A more accurate 
method useful for these types has been developed in this study. Instead 
of weighing the isolated melanin, the amount of KMnOQ, necessary to 
oxidize it has been determined. Permanganate oxidation of melanin was 
first used by BAcH (1908) to measure quantitatively the product obtained 
by the action of tyrosinase on tyrosine, and was considered by him an ac- 
curate indicator. 

Thus it has been possible to find three methods for measuring melanin 
concentration in the hair, although none is suitable for all types: 

1. The colorimetric comparison of alkaline solutions of the yellow series. 

2. The percent weight of melanin in P-sepias as determined by the val- 
uable technique of EINSELE (1937). 

3. The permanganate oxidation values of the entire sepia series and the 
higher members of the yellow series as determined for pigments isolated by 
the EINSELE technique. 

Certain procedures are common to all the methods used in this study, 
and they may be mentioned here. In all cases, hair was collected from the 
middle part of the back of two to three week old animals. This hair was 
removed down to an approximately equal length of base by hair clippers 
or scissors. Variations in total length of hair combined with variations in 
depth of color along the hair are an undoubted but unavoidable source of 
error in these results. The age of two to three weeks seemed advisable as 
guinea-pigs younger than this did not provide enough hair and the coat 
color of older animals has been subjected longer to environmental influ- 
ences. In all cases, two samples from the same animal were used in order 
to detect gross errors in technique. Unless otherwise stated, no data were 
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accepted if one of the samples was lost or gave a difference between the 
two samples for one animal exceeding 25 percent, a very rare occurrence. 
In all cases, results are classified in two ways, according to genotype and 
according to a grade of color assigned to each animal. The genotypes were 
determined by Dr. WRIGHT, using as criteria the genotype of the parents, 
the animal’s own color, and, in certain cases, breeding tests. The animals 
used came from an extensive series of experiments conducted by Dr. 
Wricut for the purpose of producing animals of as great a variety of 
known genotypes with respect to color as possible. The grades were as- 
signed by DR. WRicuT within one or two days after birth by comparison 
with a standard set of hair samples, arranged in steps of just perceptible 
increase in depth of color (WRIGHT 1927). There are thirteen steps in the 
yellow series, twenty-one in the sepias. The colors change somewhat with 
age, but there is no appreciable change between birth and three weeks. 


COLORIMETRIC METHOD FOR YELLOWS 


As stated above, the yellow pigment of guinea-pig hair is soluble in 
dilute alkali. A measure of the relative amount of pigment in two different 
genotypes may be obtained by extracting the pigment from equal weights 
of hair of each type in equal amounts of alkali under identical conditions. 
The intensity of color in the filtered solutions may then be compared by 
matching the two solutions in a colorimeter. The color seen in the color- 
imeter depends upon the intensity of the color in the solution, and upon 
the height of the column of liquid through which the light passes. In 
matching a standard color the height of the column of liquid will be shorter 
for a dark shade than for a pale one. According to Beer’s law, the product 
of height of liquid 1 times intensity of color 1 is equal to the product 
height 2 times intensity 2 and the ratio of intensities of two samples is, 
therefore: 

intensity 1 height 2 





intensity 2 height 1 


In my experiments I compared the intensity of color from each hair 
sample with that of a standard sample from e e c4 c¢, yellow of grade seven. 
It was necessary from time to time to replace the standard because of loss 
of small amounts in transferring to the colorimeter. When this was neces- 
sary, a group of samples from e e c¢ c¢ hairs were made up, and that which 
agreed most closely with the old standard was taken for the new one. 
This method of selecting standards might lead, if the originals faded before 
they were matched, to a gradual reduction in the intensity of the standard. 
The possibility of a serious shift was avoided by the use of one genotype 
only, e e c¢ c*, those selected always being of grade 7. Six standards were 
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used in all, the largest number of ratios being determined with the first 
and fourth in the series. Table 1 shows the ratios obtained with these 
two standards, classified by grade. 


TABLI 
E STANDARD I STANDARD 4 
WRIGHT’S DIFFERENCI 
—— MEAN NO MEAN NO. 4- 
° 108 2 107 2 OI 
I I 
2 238 ( ) I I 
251 8 
4 503 8 4 2 137 
5 575 2) 635 4 IIo 
¢ 714 3 871 3 
950 2 9 7 
8 1.130 I 
9 2.3 I 
IO 3.010 8 1 ¢ O 
II 2.534 4 ) 5 425 


Among the eight comparisons which can be made, the ratio is higher 
in six and lower in two, the average ratio of fourth to first being 1.12. This 
difference is probably significant (probability .o4 by SruDENT’s method) 
but it is not certain that it indicates a change in the standard as different 
animals were used in the two series. In any case, it is not serious (less than 
one-third of a grade), the average increment from one grade to the next 
being about 38 percent. 


TABLI 
Colorimeter comparison with standard of yell solutions obtained with different 
concentrations of alkali. 
CONCENTRATION OF 1 (NORMALITY) 

ANIMAL _ 
25 5 r.§ 2.13 2.75 3.36 4.00 5-25 0.50 
I . 805 I .027 886 .994 . 800 043 707 1.076 862 
2 .729 . 763 .738 .618 - 703 -747 535 .692 607 
3 . 808 885 .950 . 888 .875 978 .925 .938 905 
4 .816 .820 1.158 .QIo 831 . 780 .865 -9O2 . 840 
5 -933 . 846 .871 .988 857 -733 1.008 813 
6 .803 .855 942 .877 .810 I.013 .918 .857 .847 
Mean 831 . 866 924 (.857) .836 886 .781 .QI2 .813 


The effects of various factors on the alkaline solutions were determined. 
The effect of concentration of alkali was tested, using concentrations from 
.25/N-6.5/N NaOH. Nine equal samples were taken from each of six ani- 
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mals and dissolved in equal volumes of NaOH of varying concentration. 
As can be seen from table 2, no significant changes with concentration ap- 
pear when these are compared with the standard. 

The effect of long boiling was also tested and found to be negligible, 
providing the original volume was restored before each ratio of boiled to 
standard was determined. Two 100 cc colored solutions were boiled 3.5 
hours with color determinations every ten minutes. The results are given 
in table 3. 

TABLE 3 


Effect of long boiling on alkaline solutions of yellow pigment. 





COLORIMETER COMPARISON WITH STANDARD 











MINUTES BOILED —— EE MEAN 
SOLUTION I SOLUTION 2 
fe) 1.005 .984 -995 
20 1.073 1.042 1.058 
30 -933 I .003 -968 
40 . 863 1.060 .961 
50 -792 1.040 .916 
60 .883 1.045 -964 
70 .874 1.073 074 
80 -Q51 I. 109 1.030 
ge .869 1.065 .967 
100 -999 1.073 1.036 
IIo .878 1.155 1.017 
120 1.007 1.073 1.040 
130 -923 1.289 1.106 
140 1.071 1.284 1.178 
150 .850 1.195 1.023 
160 1.082 1.107 1.095 
170 1.084 1.185 1.121 
180 -924 1.185 1.055 
190 .891 1.087 .989 
200 -949 1.074 1.012 
210 -975 1.165 1.070 








The effect of electric light on these alkaline pigment solutions was tested 
by placing six samples of a homogeneous solution 12 inches from a 60 
watt-110 volt lamp for periods varying from 12 to 96 hours and comparing 
these with a control sample kept in darkness. The ratios are given in 
table 4. 

Similar results were obtained with two other samples at six to 48 hours. 
As the hair (after collection) and the solutions are kept in darkness except 
during tests, it is probable that no appreciable fading occurred. 

The final method adopted was to wash the hair to be tested in cold ether 
to remove at least the major part of the fat which might alter the color. 
From this hair, after drying, two 100 mg samples (to the nearest milligram) 











ELIZABETH S. RUSSELL 
TABLE 4 


Effect of light on alkaline solutions of yelluw pigment. 


HOURS IN LIGHT COMPARISON TO CONTROL 

° 1.010 

12 1.005 

24 I .000 

36 1.005 
48 1.013 

72 -990 
96 1.000 


were removed. Each was placed in 10 cc of .5 or .25/N NaOH for five days. 
The hair was then filtered off and the resulting colored solution compared 
in a colorimeter (Klett Biometer) with the standard, and the ratio of in- 
tensity of tested sample to that of the standard recorded. The two samples 
from ore animal were also checked against each other. Before any com- 
parisons of intensities with different genotypes were made, the ratios were 
corrected by subtracting the slight amount of color (.120) obtained from 
white (presumably fat and hydrolyzed keratin). The accuracy of this 
TABLE 5 


Mean colorimetric values of the yellow genotypes. 


MEAN MEAN 
GENOTYPE WRIGHT’S COLORIMETRIC S.E. NUMBER 

GRADE VALUE 
eeC- F- 10.33 2.866 + 114 27 
eec* ck F- 6.92 -949 t .055 10 
eec* ctf 7.00 1.031 + .150 6 
eec*c’ F- 4.89 .616 + .048 13 
eec c* F- 5.00 .489 t .025 4 
eect c4 F- 6.93 1.150 t .082 23 
eectc’ F- 4.16 -593 t .046 19 
eect c* F- 4.20 .484 + .036 18 
eec'c’ F- 0.00 -133 + .017 2 
eeC- ff 7.00 . 888 t .053 7 
cece ff 2.46 | . 280 + .031 10 
3.00 | . 469 t .037 2 

{ 


E-C-ffpp | 


method may be indicated by the variability of the ratios between two 
samples from the same animal. The ratio of second to first in 152 animals 
was 1.003 with a standard deviation of +.126. About one-twentieth of 
this variability was due to errors in colorimetry. In the determinations of 
each ratio, three independent readings were made with the colorimeter. 
The mean ratio of the second of these to the first is .992 with a standard 
deviation of +.072. It is necessary to multiply this standard deviation by 
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\/1/6 in order to make it comparable to the standard deviation of the 
ratio of two samples from the same animal (each the average of three 
colorimetric comparisons), giving .029 or 23.3 percent of .126, making the 
variance 5.5 percent that of the former ratio. The remaining error in the 
ratio of two samples from the same animal must be due to variations in 
the pigment in the hair or in the preparation of the material. 


TABLE 6 


Mean colorimetric values of Wright’s color grades for yellows. 





MEAN OBSERVED STANDARD ERROR | 


WRIGHT'S COLORIMETRIC STANDARD CALCULATED FROM NUMBER 
— VALUE ERROR COEFF. VARIABILITY 

° 0.120 + .o16 + .ot7 3 
I 0.122 — + .031 I 
2 0.239 | + .026 + .030 

3 0.357 + .@30 + .026 12 
4 0.552 + .027 + .030 22 
5 0.627 + .046 + .038 17 
6 0.778 + .049 + .056 12 
7 1.039 + .047 + .045 34 
8 1.403 + .197 +.144 6 
9 2.237 + .117 + .397 2 
fe) | 2.872 + .156 + .186 15 
II 3.020 + .199 +. Res | 9 
12 2.654 -- = I 


.667 





The results obtained with this method are given in table 5 and figure 1 
according to genotype and according to WRIGHT’s grades in table 6 and 
figure 2. 

It was found that WricHt’s grades for the C series, as given in this 1927 
paper, could best be compared with the colorimetric values by regarding 
the former as geometric rather than as arithmetic steps. The transforma- 
tion was accomplished by plotting the logs of the colorimetric values (CV), 
corrected for the color from white hair, against the grades (G) and finding 
the best straight line through the points, weighting the means by their 
generalized standard errors determined from the weighted mean coeffi- 
cient of variability. This arrangement of the data is shown in figure 2. The 
formula for the line, as determined by the weighted least square method, is: 


Log (CV- .120) =9.032+.135 G. 


The standard error of the slope of this line is +.005. The results with 
this transformation of the 1927 grades are given in table 7 and figure 3. 
This transformation seems justifiable, as it seems probable by the Weber- 
Fechner law that steps equally spaced to the eye show equal percentage 
increments rather than absolute increments. 
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FicurE 1.—The colorimetric values (ordinate) of various yellow genotypes (abscissa). The 
solid line shows the values obtained with the homozygote of the allele indicated below the graph; 
the dash line represents those obtained with its heterozygote with c’; and the dotted line those 
with its heterozygote with c*. 
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l'iGURE 2.—Logarithm of (CV- .120) (ordinate) for each of WriGHT’s 
grades for yellow (abscissa). 
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TABLE 7 

Comparison of Wright’s grades for yellow genotypes (transformed to a geometric 

scale) with the mean colorimetric values for the same genotypes. 


ae keee oe WRIGHT’S GRADI TRANSFORMED CORRECTED COLORI- 
as (1927) WRIGHT’S GRADE METRIC MEAN 
C- 10.6 2.78 2.75 
a 7.1 .92 .83 
c* ¢c4 7.2 04 .gI 
rod “4 4.6 42 -50 
c* ¢ 4.6 42 °37 
c4 ¢@ 7.0 .89 1.03 
cle 4.1 . 36 47 
ct ¢ 4.2 37 .36 
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FIGURE 3.—Comparison of the colorimetric values with Wricut’s grades transformed to a 
log scale. The solid line connects the transformed WricHt’s grades, the dash line the corrected 
colorimetric values. 


PERCENT WEIGHT OF MELANIN IN SEPIAS 


The method used for this study was the extremely valuable EINSELE 
technique (1937). This consists of separating the acid-insoluble melanin 
from the keratin by acid hydrolysis which breaks up the keratin and ap- 
pears to leave the melanin unmodified. To prepare the hair for this treat- 
ment it is necessary to wash it with warm ether for a number of days to 
remove the fat particles which, upon acid hydrolysis, would form a ring 
around the sides of the condenser and adsorb a significant part of the 
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melanin granules. In place of the Jena glass and block-tin condenser used 
by EINSELE, an all metal apparatus was used in these experiments. This 
consisted of a rectangular galvanized-tin jar, coated with block-tin to 
prevent the entrance of impurities into the ether. Inside this cylinder the 
hair rested in nichrome baskets on a set of ten nichrome (ether resistant) 
screen trays, supported on a block-tin coated galvanized-tin rack. A 
five centimeter layer of ether was maintained in the bottom of this jar. 
The top of the cylinder was an inverted truncated pyramidal chamber, 
through which cold water ran continuously, with a drip plate on its lower 
surface the same size as the nichrome trays and directly above them. 
The ether vapor recondensed on this plate, and thus fell directly onto the 
hair. Ether leakage was prevented by a Bruhl wax seal and by equaliza- 
tion of the pressure inside the ether bath with that of the atmosphere by 
inserting an ordinary open condenser into the top of the bath, allowing 
for escape of air but preventing escape of ether. Heat was applied to the 
bath by two 100 watt electric bulbs enclosed in a separate chamber fitting 
beneath the main jar. 

The procedure followed was to wash the hair (about .750-1.000 grams 
from each animal) in o.1 percent sodium lauryl sulphate for one hour. This 
high molal salt of a fatty acid is sold commercially as “Dreft,” and has 
the saponifying qualities of soap, but is neutral in reaction (a feature nec- 
essary for washing the alkali-soluble yellows), and can be used cold, which 
is further guarantee of retention of the yellow pigment. (I am grateful to 
Dr. D. G. STEELE for this suggestion concerning technique.) The Dreft 
was decanted and followed by four washes with hot distilled water. Each 
sample was transferred to a nichrome basket and dried in an oven at go- 
100°C. The dried cooled hair was placed in the ether bath, two samples to 
a tray, and washed with ether. By daily weighing tests, it was found that 
all of the fat was removed in four days, so five days was accepted as a safe 
standard time for washing with ether. On removal from the bath, each 
sample was divided into two samples and dried. The weight of the dry hair 
was determined (mean weight .377 grams) and the hair was transferred to 
an all-glass reflux condenser and boiled for one hour with 50 cc 6/N HCl. 
At the end of this hydrolysis, the hair was completely broken up and the 
melanin found as free granules. Addition of 25 cc of 95 percent alcohol to 
the hydrolysate was found to facilitate separation of the melanin granules 
from the liquid. (I am grateful to Dr. STEELE for this suggestion also.) 
This separation was accomplished by centrifuging, ten minutes at 3600 
rpm. being sufficient for practically all types. The liquid was decanted, 
replaced by distilled H,O, and the melanin again centrifuged out. This was 
done four times, and tests of the fourth wash were always negative for 
chloride, indicating that all of the acid, and consequently all of the dis- 
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solved keratin, had been removed. The precipitate was then transferred 
to weighing bottles, dried, and weighed. The final data recorded were the 
mean percentage weights of melanin in the two parts of each hair sample. 
The two samples from each animal serve as a check on gross errors. This 
method was found to’be satisfactory only for P-sepias, as p-sepias and 
yellows have smaller weights of pigment, and the error is so great as to 
make the results of little value. 

This determination was used for two P-sepia genotypes, in order that 
the results might be compared with, and act as a check upon, the numbers 
obtained for these genotypes by the permanganate method. The results 
are given in table 8. The percent of acid-removable substances in white was 
also determined by boiling white hair samples with black of known melanin 
content and determining the increment due to substances adsorbed from 
the whites. This value, the percent weight of melanoidins and other im- 
purities resulting from acid hydrolysis of hair, was subtracted from each 
mean to give the true percent content of melanin. By this method c4 c* E 
F P has 47.9 percent as much pigment as C-E F P. 











TABLE 8 
Percent weight of melanin in two sepia genotypes. 
GENOTYPE MEAN S.E. S.D. NUMBER TRUE MEAN 
C-E-F-P- 3.34 = .3t + .67 10 2.86 
c c* E-F-P- 1.85 +..22 +.42 IO 1.37 
White 0.48 + .09 + .27 9 0.00 








THE PERMANGANATE METHOD 


A smaller difference between the two samples from one animal and 
among all the animals of the same genotype was found with a modification 
of the method given in the foregoing section. In this method the isolated 
melanin, and the small amount of distilled water left after the fourth de- 
cantation after washing, were transferred to a 150 cc beaker, acidified with 
2 cc concentrated H,SO,, and heated to the boiling point. The hot mixture 
was titrated against .oos—.o1/N KMnQ, until the addition of .5 cc left a 
pink color after one minute of stirring. With samples of high melanin con- 
tent the amount added was increased to 1 cc to compensate for volume 
differences. BACH (1908) states that it is sufficient that the black melanin 
mixture be titrated with permanganate just to decolorization in order to 
obtain consistent results. I attempted to use this method, but could not 
decide exactly when the melanin reached “decolorization.” It continued to 
reduce potassium permanganate rapidly for a time after losing all color, 
and samples left for several hours always lost their pink color no matter 
how great an excess of permanganate had been added. The explanation 
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of this phenomenon is not known. Since BAcH apparently titrated his 
samples only until they were decolorized, he did not encounter this diffi- 
culty. The decolorization point may have been easier to determine in his 
material, as the melanin was undoubtedly purer and in finer particles, 
being made artificially by the action of tyrosinase on tyrosine in solution. 
As my material was oxidized more, rather than less, than BAcu’s, it seems 
probable that the entire amount of pigment is measured by the perman- 
ganate oxidation at all points in the scale of intensity of color. 

The timed end-point makes this method liable to considerable subjective 
error, but every attempt has been made to keep this at a minimum. The 
policy followed was to keep the operator ignorant of the genotype being 
tested and the result obtained for a second sample from the same animal 
until titration was completed, to keep lighting and temperature as con- 
stant as possible, and to seek corroboration of the end-point whenever 
feasible. As considerable calculation is necessary before the final value is 
obtained, there is little danger of trying to match samples. 

Potassium permanganate can not be made up to a desired normality, 
but its normality can be accurately determined. The policy was, therefore, 
to make up KMnQ, somewhere near .oo5—.o1/N, and determine the nor- 
mality with NazC.,0,. Comparable figures for different K MnO, solutions 
were obtained by expressing the final results in a form called for conven- 
ience the permanganate number: 

cc KMnOyX N KMnQ,X 100 
(PN)= . 

re. grams hair 

Tests were made with .016/N and .038/N KMnQ, and the results obtained 
this way were much more different from those obtained within the limits 
.005-.01/N KMnO, than any of those were from each other. This seems to 
indicate an effect of concentration of permanganate, which should be fur- 
ther investigated. The permanganate numbers with the higher normality 
permanganate were too high in all genotypes tested. Analyses of the data 
show no significant effect of this factor in the range from .oo5—.o1/N, and 
the data obtained with higher concentrations were discarded. 

A second difference from the method described earlier was the addition 
of 100 mg of black of known permanganate value to each sample before 
boiling. The addition of black was found by EINnsELE to be helpful in deal- 
ing with light pigments which become adsorbed on the melanin granules of 
the black and thus centrifuge out of the solution easily. The samples added 
were obtained by combining all of the hair from the backs of a number of 
black guinea-pigs, and working them into a homogeneous mixture. After 
washing in the ether bath, this hair was divided into 100 mg samples 
(about 200 samples from one batch of hair) and determinations made of 
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TABLE 9 


Coefficients of variability obtained with the permanganate and percent weight of melanin methods. 











COEFF. VAR. COEFF. VAR. 
GENOTYPE — 
(PERMANGANATE NUMBER) (% WEIGHT MELANIN) 
C-E-F-P- 10.5 19.2 
c4 ¢* E-F-P. 18.5 21.6 
16.8 52.1 


PN—12 


110 
100 





c c* c c’ oa 


FIGURE 4.—The corrected mean permanganate number for various sepia and brown geno- 
types. The upper figure shows the darker sepias and browns, the lower the pale sepias and browns. 
The solid line shows the values obtained with the homozygote of the allele indicated below the 
graph, while the dashed line indicates those obtained with its heterozygote with c*. 


the permanganate numbers of ten of these, chosen at random. The mean 
amount of KMn0Q,, in terms of mols, used up by these samples was then 
subtracted from the total permanganate used by each sample. The amount 
which this addition of black hair adds to the variability of the final per- 
manganate values may be estimated from the standard deviations of the 


mean permanganate numbers of the blacks for combination. Two series 
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TABLE 10 


Permanganate numbers observed for each of the genotypes tested. 


PERMANGANATE NUMBERS 


























Cc 
SE- 
° IO- 20- 30- 40- 50- 60- 70- 80- go- I100- II0- 120- 130- 140- 150- 160 . Z 
RIES NO. MEAN S.E 
19 290 39: «6©4490«|659)0«C 89S 79) 89) gS tOQ «IQ 129 139 149 I59 169 
E- F- P- B-, darker sepias 
C- I 3 2 I 7 143 +9 
c* ck I I I §$ 280 +t2 
cer I 1 166 +26 
fa I I 100 +17 
ct A 2 2 106 +13 
ae I I 2 2 I I S 23% + 3 
cA I 3 3 I 8 60 +4 
id I I I s sgt tu 
ot I I I 2 I . zs 
E- F- p p B-, pale sepias 
C- I s 96 +3 
oe s & 1 & ws ts 
cf a r I ee 
a I t ~% +7 
cA 3 3 é. a £5 
ad 2 » wg £6 
cc? 2 4 I 7 2 +2 
Fall oad 3 I 4 oe 6 33 
re 4 I 7 =m £8 
vf a 2 3 ou 23 
R- F- P- b b, darker browns 
C- 2 2 I s 8 +7 
cf a I I 83 +15 
E- F- p p bb, pale browns 
C I I 2 48 <7 
ee F-, yellows 
Cc - 2 ; Bee 
ck I I 8 +s 
cot 2 . 7 £3 
ck a I I 1% +5 
ct 2 3 s 2a+a2 
ff t+ 6 * , we se 
ae I 2 3 a £5 
ees f, pale yellows 
C- 3 I 4 8 £ 3 
ad 3 4 em. 2-3 





* (The standard errors were determined on the basis of a constant coefficient of variability, the weighted mean co- 
efficient of variability of all types involved. In taking all of the coefficients of variability, allowance was made for the 
variability of the 100 mg of black hair added to each sample, by adding to the mean permanganate number for each type 
an amount equal to the product of the mean fraction of the total weight of the sample constituted by this black, and the 
weighted mean permanganate number of this black. The actual amount added was 26.) 


were used, the first having a mean value of 108 with a standard deviation 


of 8, the second a mean value of 146 with a standard deviation of 4. Allow- 
ance for this factor was made in the determination of the standard errors 
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TABLE II 


Permanganate numbers observed for each of Wright’s grades. 








WRIGHT’S O- I0- 20- 30- 40- 50- 60- 70- 80- go- 100- 110- 120° 130- 140- 150- 160 0. Ikan ox? 
GRADES 9 19 29 39 49 59 69 70 89 99 109 119 129 139 149 159 169 
Sepias 
o-I e232 3 m8 
2 8 I o 2s 
3 2 4 6 ~~ =e 
4 J 3 @ 2s 
5 2 3 ; @ as 
6 2 I $ Ss 
7 I I cs »® <3 
8 I $s # 2.4 
9 I I 2 50 + 6 
Io 
II 
I I I 2 Gs = ¢ 
13 2 I 3 56 + 6 
14 3 2 64 + 6 
15 I I I I . 8 = s 
16 I I 99 +15 
17 I I 2 96 +10 
18 I : S26 2ee 
19 I I 2 I I S I. = F 
20 I I I I I 5 =e: =F 
21 2 4 2 I 9 14 £7 
Yellows 
o-I 7 5 3 15 ss =f 
2 I 2 3 2 £8 
3 I I I 3 mam = $3 
4 3 5 ms = Ss 
5 I I 2 so =e 
6 2 2 7hlUEt Ss 
7 6 5 II 20 + 2 
8 I r 39 +9 
9 I I I 3 7 23 
10 2 2 36 +6 
II 
12 I I 42 +9 


* (Standard errors were determined as in Table ro.) 
of all types tested. This method not only made possible tests for pale sepias 
and yellows which otherwise would not have precipitated well, but also 
gave accurate tests of white which indicate the part of each permanganate 
titration due to melanoidins (darkish materials of unknown composition 
which appear in small concentrations with acid hydrolysis of keratin) and 
other impurities. This method was more accurate than the weighing 
method for the lower concentrations, as can be seen from the coefficients 
of variability of the means for the genotypes tested by both methods, as 
given in table g. 

Even with this method only the higher genotypes of the pale sepia and 
yellow series can be taken seriously, but they at least give the approxi- 
mate location of these types on the total scale. The results obtained with 
this method are given in table 1o and figure 4 according to genotype, and 
according to WRIGHT’s grades in table 11 and figure 5. In comparing the 
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permanganate numbers to WRIGHT’s grades the same procedure has been 
foilowed as with the colorimetric data. That is, WRIGHT’s grades are con- 
sidered as geometric increments and the permanganate numbers as arith- 
metic. The exact relationship between the two scales was found by plotting 
the log of the mean permanganate number for each of WRiGHT’s grades 
against the grades (see figure 5). The permanganate numbers were cor- 
rected for adsorbed impurities by subtracting 12 (the mean permanganate 
number of all samples of grades o to 1 in either series, these having only 
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Wright’s Grades 
FiGuRE 5.—The log of the mean permanganate number for each of Wricut’s color grades for 


sepias, plotted against the grades, with the calculated best straight line through all grades from 
2-21. 


the faintest tinge of color) from all the means. The formula for the best 
straight line through all grades from 2-21, as determined by the least 
squares method, with values weighted by their standard errors, is: 


Log (PN —12) =.953+.056 G. 


The standard error of the slope of this line is +.0025. A comparison of 
Wricut’s grades for sepia genotypes, transformed according to this for- 
mula, with the mean permanganate numbers observed for each genotype 
is given in table 12 and figure 6. Good agreement is found in all cases ex- 
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TABLE 12 


Comparison of Wright’s grades for sepia genotypes (transformed to a geometric scale) with the mean 


permanganate numbers for the same genotypes. 








{ c 
SERIES 


c. 

c* c* 
ck cr 
ck 
c4 4 
ctr 
| c4 ct 





cc’ 
c’ 
c c 


cc 





WRIGHT’S TRANSFORMED CORRECTED MEAN 
GRADE (1927) WRIGHT’S GRADE PERM. NUMBER 
Sepias 
21.00 135 131 
20.10 120 108 
20.46 126 154 
18.53 98 88 
16.88 79 904 
19.09 105 109 
14.02 55 48 
20.09 120 119g 
15.49 66 65 
0.00 ° ° 
Browns 
15.63 67 69 
13.60 52 71 
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cept c* c’, where the observed permanganate number, based on a single 
animal, has a standard error of +26, sufficient to account for the aberra- 
tion. 

Comparisons between the two samples from the same animal gave a 
mean difference of 8+1 (11 in darker sepias, 9 in browns, 5 in pale sepias, 
and 6 in yellows), which gives some idea of the experimental error. The 
relative undependability of the lower grades of pale sepias is brought out 
by these figures and also shows up clearly in table to. 

A further experiment with this method was the comparison of sepia 
litter mates of genotypes c* c* and c’ c*, in an attempt to determine the 
reality of the darker color in c’ c*, which appears in WRIGHT’S grades and 
in my data, by eliminating as far as possible strain differences which might 
produce this result. These results are given in table 13. They include data 


TABLE 13 


Litter mate comparisons of permanganate number of c* c* and c’ c* sepias. 




















MEAN P.N. MEAN P.N. : 
LITTER AGE “y c’ ct—c4 
ct crc 
I 2-3 weeks 56 83 +27 
2 2-3 weeks 62 79 +17 
3 2-3 weeks 47 82 35 
4 11 months 79\ : 
15 86 +11 
nj" 
5 2 weeks 99 92\ 54 ata 
83) 





Mean Difference +16 +8 





on older animals as well as the two-three weeks old guinea-pigs used in 
the regular experiments. The significance of the difference between the two 
genotypes can be tested by STUDENT’s method, using averages where there 
is more than one of a genotype in a litter. The result (t=2.0, n=4) yields 
a probability of .12 of a greater difference by accidents of sampling. The 
difference can thus be considered merely suggestive of a greater amount of 
pigment in c’ c* than in c? c*. 

It is important to test the agreement between the permanganate method 
and the percent weight of melanin method. There is 36.6 percent as much 
melanin in c?c* E F P asin C E F P by the permanganate method, 47.9 
percent by the percent weight method. The difference between these ratios 
is 1.6 times its standard error, and is thus not significant. 


ratlo = — a ’ Tits T, oe a ro 
/y Y 1 Vv 


Tr, —12=.113, E,,=.040, E,,=.057, E,,-+,=-070. 
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INTERPRETATION 
C series 


As may be seen from figure 6, the permanganate numbers agree well 
with Wricut’s color grades for the darker sepias. It is especially note- 
worthy that all c’ combinations are higher than the corresponding c* com- 
binations in both, a reversal of the order in the yellow series. 

The chief conclusions for the darker sepias aside from those already 
made by WriGHT concern dominance relations of the lower alleles of 
the C series. It is seen that c” has little or no dominance over c*, that is, 
c’ c* has approximately one-half as much pigment as c’ c’. Correcting the 
means for adsorbed impurities by subtracting 12 (the value for white), 
we get c’ c’=119, c’ c*=65. There is therefore 55 percent as much pigment 
in c’ c* as in c’ c’. With the uncertainty of the means, it is impossible to 
tell whether or not there is.a slight dominance of c’, but it is quite likely 
that there is none. Similarly, there is 51 percent as much pigment in cé c* 
as in c¢ c?, In WricHT’s transformed grades the percentages are 55 percent 
and 70 percent respectively. There is little data for the c* combinations. 
The observed percentage in c* c*, as compared with c* c* (81 percent), is, 
however, practically the same as that in WricuT’s transformed grades 
(82 percent). Thus c¢ and c’ show approximate intermediacy of the heter- 
ozygote with c*, while c* shows considerable dominance over c*. C in the 
sepia series has been found by WricutT’s grades to be completely dominant 
in all combinations, and there is nothing in my data to alter this conclu- 
sion. WRIGHT suggests (1934) that “under the theory of control of rate” 
of a reaction in the series of processes between gene and character “by the 
limiting factor, there is exact intermediacy of the heterozygote (up to a 
certain level), then a range of increasing dominance of the higher allelo- 
morph until at a certain level complete dominance is attained.” This agrees 
well with the situation in the C-series acting on sepia pigment, except that 
c* (in the sepia series a higher allele than c¢ and c’ because of its partial 
dominance) homozygotes should be as high as C-. It is interesting to note 
that Dunn and EINsELE (1938) find a similar condition in mice, where the 
highest allele, C, is completely dominant in the black series and a lower 
allele, c**, shows no dominance (percent weight melanin in C-=7, in 
c* cch=5, and in c** c* =2.5.) 

A striking contrast between the results for sepias and yellows is in the 
amount of difference between the values for the dominant C factor and 
for the lower alleles. In sepias, the corrected value in relation to 100 per- 
cent in C E F P is 82 percent in c* ct E F P, and 72 percent in c* c* EF P. 
In yellows the corresponding figures are 23 percent of C ¢ e for c* ck ee 
and 35 percent for c? c¢ e e by the permanganate method, and 30 percent 
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and 38 percent by the colorimetric determinations which are undoubtedly 
more accurate. For the dominance effects of the lower alleles in yellows, 
only the colorimetric data seem worth considering. It must be remembered 
that both c’ and c* are inactive in the yellow series. In these, c* c" has 59 
percent and c* c* 44 percent as much color as c* c*. Similarly, c¢ c” has 47 
percent, and c? c* 35 percent, as much as c? c*. C has been shown by WRIGHT 
to be completely dominant. These results suggest that in the yellow series 
as well as in the sepias, the gene product in relation to its substrate is in 
defect in the lower alleles, c* and c*, but in excess in C. There is no partially 
dominant allele here, but the wide gap between c*¢ c¥¢ and C- may ac- 
count for this. The approximate identity of effect of c* and c? in effects on 
yellows, shown in WricuHT’s grades, is also supported here. The uncor- 
rected mean for c* c* by the colorimetric method is .940+.055, for c* c# 
1.031+.151, for c¢ c¢ 1.150+.182, and all three means are within the 
limits of error of the mean of the combined population, 1.084 + .054. 

The results for the pale sepias are not as clear-cut as the others, consider- 
able uncertainty resulting from lack of numbers in certain genotypes. The 
most striking feature is the great increase of C over c* c*, quite different 
from the darker sepias. However, the corrected value of 64 for C- de- 
pends on only one animal. The amount of pigment in c* c* is 43 percent of 
that in C-, close to the ratio in yellows rather than to that in the darker 
sepias. The heterozygotes of ct and c* with c* show intermediacy, as in the 
other series. The amount of pigment in c* c* is 36 percent of that in c* c*, 
that in c? c* is 20 percent of that in c¢ c¢. The extremely high value of c? c# 
is something which must be rechecked, as it is far out of proportion to the 
color. 

The simplest interpretation for the C series of alleles, as far as they have 
been tested, seems to be that the dominance of C is brought about by the 
excess of its product somewhere in the chain of processes between gene and 
character, while the smaller product of the lower alleles is in defect in re- 
lation to the substrate in this same reaction. Also in some way the lower 
members of the albino series reduce yellow much more drastically than 
black, this effect being manifested not only in the difference in threshold 
(no yellow but much sepia in c’ c’) but also in the relation of c*4 c* to C-. 


The E, e genes 


The most striking difference observed between pigments produced with 
E and ¢ is their solubility in NaOH. The sepia pigments, both in the hair 
and isolated, go into solution in cold alkali very slowly, and have never in 
my experimentation become anywhere near completely dissolved. EINSELE 
(1937) and DANrEL (1938) have been able to dissolve isolated mouse 
melanin by boiling in N/1o KOH for 3-5 hours, and the same is possible 
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for guinea-pig melanin, although the experiment had not been performed 
at the time of this work. The yellow melanin, on the other hand, dissolves 
completely and rapidly in cold dilute alkali. In fact, the use of soap had 
to be discontinued as its alkalinity dissolved out part of the pigment. This 
difference in solubility of melanins was found for the guinea-pig by Dur- 
HAM (1904). GORTNER (1911) describes alkali soluble and insoluble mela- 
nins from various sources, but makes no statement as to the relation of this 
solubility difference to color. SALLER and MAROSKE (1933) found this 
same difference in solubility in human hair, as did GOERNITz (1923) in 
birds and DANNEEL (1936) in rabbits. Many authors, such as BoGART and 
IBSEN (1937), have maintained that this red pigment is present in the 
hair entirely in a dissolved state, but this cannot be true in the guinea-pig. 
In our experiments it has been possible to extract an appreciable amount 
of solid pigment from yellow hair by acid hydrolysis, and the amount of 
this pigment, as determined by the permanganate numbers, varies with 
the genotype in the same general way as that extracted in alkali. There 
seem to me to be two possible explanations for this greater solubility of the 
yellow pigment in alkali. The first is that the sepia pigment, although 
identical with the yellow chemically, is present in such large granules, so 
densely packed, that it cannot be attacked readily by the alkali. The other 
explanation of this phenomenon is a chemical difference between the two 
types of pigment. There is nothing in my experimentation which throws 
light on the nature of this difference. Working with mouse melanin, DUNN 
and EINSELE (1938) have found graded variations in the size of pigment 
granules from various genotypes in the black series, and DANIEL (1938) 
has found no significant differences in the chemical constitution of mouse 
melanin from various genotypes in a spectrophotometric study of the dis- 
solved isolated pigment. However, it must be remembered that these 
papers deal entirely with the black and brown series, not with the differ- 
ence between these and yellows, where the situation may be quite differ- 
ent. In the rabbit DANNEEL has found distinct differences in the histologi- 
cal arrangement of yellow and black pigment in the hair. 


The F, f, P, p, and B, b genes 


The effect of the F, f pair of genes on yellows was tested for two geno- 
types only, C-eeffandc*cteeff. It is interesting to compare the reduc- 
tion of yellow by combinations in the albino series in the presence of f f 
with that by the same combinations in the presence of F-. c? c¢ has 37.5 
percent as much pigment as C- with F-, but only 19 percent as much 
with f f. It may be noted that the reduction is even greater in c? c*, as 
c4 c* F- has considerable pigment, while c4 c* f f is pure white (except for 
occasional traces of cream on the nose, cf. WRIGHT 1927). In combination 
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with E p p, f f causes the removal of all pale sepia pigment. One genotype 
only, E- C- f f p p , was tested colorimetrically. The color and the ratio 
to e ect c4 were close to those of a grade 4 cream, the ratio being .469 + .038. 

The effect of » p aside from that in conjunction with f f is to make sepia 
paler, but whether this is entirely due to a decrease in quantity of the same 
pigment, or a change in the type of pigment, can not be stated here. 

Whatever change p p produces in sepia pigment, the small amount of 
data collected here indicate that it has the same effect on browns; that is, 
C- E- p p B- has 49 percent as much pigment as C- E- P- B-, and 
C- E- p pbb has 45 percent as much as C- E- P- b b. 


SUMMARY 


1. A method has been developed for colorimetric comparison of alkaline 
solutions of yellow pigment of guinea-pig hair. Tests have been made of 
all available genotypes. 

2. The percent of the total weight of the hair formed by the melanin 
has been determined in two of the darker sepia genotypes by the EINSELE 
technique. 

3. Amethod for determining the melanin content of sepias, pale sepias, 
and, to a limited extent, yellows, has been developed by a modification of 
the EINSELE technique, in which the isolated pigment is oxidized with 
potassium permanganate. Tests of all available genotypes have been made 
with this method. 

4. The dominance relations of C, c*, c4, c’, c* indicate that in sepias, pale 
sepias, and yellows, the homozygotes of the lower active alleles produce 
approximately twice as much pigment as their heterozygotes with the 
inactive gene or genes, while the highest allele appears to be completely 
dominant. This suggests that in some reaction between gene and character 
the gene product is in defect in relation to the substrate with the lower 
alleles and in excess with the highest member of the albino series. 

5. The lower alleles of the C series reduce the amount of pigment much 
more drastically in yellows and pale sepias than in darker sepias. 

6. Measurements of the effects of the F, f, P, p, and B, b series are given, 
with some suggestions as to the nature of the action of these genes. 


LITERATURE CITED 
Bacu, A., 1908 Zur Kenntnis der in Tyrosinase titigen Peroxydase. Ber. deuts. chem. Ges., 41: 
216-220. 
BERTRAND, M. G., 1896 Sur une nouvelle oxidase ou ferment oxydent d’origine vegetable. C. R. 
Acad. Sci., 1223 1215-1217. 
Biocu, B., 1917 Chemische Untersuchungen iiber das spezifische pigmentbildende Ferment der 
Haut, die Dopaoxydase. Z. Phys. Chem., 98: 226-254. 
Bocart, R., and IBsEN, H. L., 1937 The relation of hair and skin pigmentation to color inheritance 
in cattle, with some notes on guinea-pig hair pigmentation. J. Genet. 35: 31-60. 











GUINEA-PIG COAT COLORS 355 


DANIEL, J., 1938 Studies of multiple allelomorphic series in the house mouse. III. A spectrophoto- 
metric study of mouse melanin. J. Genet. 36: 139-143. 

DANNEEL, R., 1936 Die Farbung unserer Kaninchenrassen und ihre histogenetischen Grundlagen. 
Zi.A.V. 71: 231-264. 

Dunn, L.C., and EINsELE, W., 1938 Studies of multiple allelomorphic series in the house mouse. 
IV. Quantitative comparisons of melanins from members of the albino series. J. Genet. 36: 
145-152. 

DurRHAM, F. R. 1904 On the presence of tyrosinase in the skin of some pigmented vertebrates. 
Proc. Roy. Soc. London, 74: 310-313. 

EINSELE, W., 1937 Studies of multiple allelomorphic series in the house mouse. II. Methods for 
quantitative estimation of melanin. J. Genet. 34: 1-18. 

Firtu, O., Melanine, Lipochrome, Farbstoffe der Wirbellosen. In: Oppenheimer’s Handb. d. Bio- 
chem., 1: 944-960. 

GOERNITZ, K., 1923 Versuch einer Klassifikation der Haufigsten Federfarbungen. J. Orn., 71. 

GortTn_ER, R. A., 1911 On melanin. Biochem. Bull., 1: 207-215. 

1912 On two different types of melanin. Proc. Soc. Exp. Biol. Med. 9: 3-4. 

Raper, H. S., 1928 The aerobic oxidases. Physiol. Rev. 8: 245-282. 

1932 Tyrosinase. Ergebn. Enzymf. 1: 270-279. 

RussELL, W. L., 1939 Physiological genetics of guinea-pig coat color investigated by means of the 
dopa-reaction. In press. 

SALLER, K., and MAROSKE, F., 1933 Chemische und genetische Untersuchungen an menschlichen 
Pigmenten, speziell demjenigen des Haares. Z. Konst Lehre., 17(3): 279-317. 

SAMUELY, F., and Strauss, E., 1922 Tierische Pigmente und Farbstoffe. In: Aberhalden’s Handb. 
biol. Arb Meth., Abt. 1, Teil 8, 731-790. 

WRIGHT, SEWALL, 1916 An intensive study of the inheritance of color and other coat characters 
in guinea-pigs with especial reference to graded variation. Carnegie Inst. Wash. Publ., 241: 
Part II, 59-121. 

1917 Color inheritance in mammals. J. Hered. 8: 224-235. 

1925 The factors of the albino series of guinea-pigs and their effects on black and yellow pig- 
mentation. Genetics 10: 223-260. 

1927 The effects in combination of the major color factors of the guinea-pig. Genetics 12: 
530-569. 


1934 Physiological and evolutionary theories of dominance. Amer. Nat. 68: 24-53. 











PLASTID VARIEGATION AND CONCURRENT ANTHOCYANIN 
VARIEGATION IN SALPIGLOSSIS! 


E. E. DALE anp OLIVE L. REES-LEONARD 
Union College, Schenectady, N. Y. 


Received December 30, 1938 


VARIEGATED strain of Salpiglossis has now been carried in the 
A senior author’s cultures for eight years. This strain is unique in that 
the variegation affects both the leaves and the flowers as reported in a 
preliminary note (DALE and REES-LEONARD 1935). The variegation pat- 
tern, typical of many chlorophyll variegations, is shown in the leaves of 
an adult plant (figure 1). The leaves are marked by sharply defined spots 
of diverse sizes and shapes which vary in color from light green to white. 
It should be noted that white branches have not been found on the varie- 
gated plants. In seedlings (figure 2), the variegation shows some rather 
striking differences from the adult type. The pattern is coarser with rela- 
tively greater amounts of white or pale tissue. This increase in chlorophyll 
deficient tissue often results in crumpling or asymmetry of the leaves. In 
variegated seedlings, also, the bases of the leaf blades frequently exhibit 
white or pale borders. For the sake of comparison, a normal seedling (figure 
4) is illustrated. The seedlings were of the same age, growth being retarded 
in variegated plants. 

The flower color in anthocyanin types of Salpiglossis is due to a combina- 
tion of anthocyanin with yellow plastids. Absence of anthocyanin gives 
yellow flowers. Both the yellow and anthocyanin colors show variegation. 
Naturally, the color of the pale areas in variegated flowers depends upon 
the ground color of the flower, yellow flowers having very light yellow 
spots and anthocyanin colors showing an apparent modification of the 
anthocyanin, the nature of which is discussed later. A variegated yellow 
flower is illustrated (figure 3). Some regularity of pattern may result from 
the elongation of the pale sectors in a direction acutely pinnate to the axis 
of each lobe. As in the leaves, the spots are always sharply defined. Marked 
variation occurs in the amount of variegation in flowers of a single plant. 
In particular, the first flower or flowers may be slightly, or, so far as the 


1 Papers from the Department of Botany and the Botanical Gardens of the University of 
Michigan no. 639. 





EXPLANATION OF FIGURES I-5 
FIGURES 1~5.—Fig. 1. Leaves of adult variegated Salpiglossis plant.—Fig. 2. Variegated seed- 
ling.—Fig. 3. Variegated flower—Fig. 4. Normal seedling. —Fig. 5. Longitudinal section of stem 
tip X soo. Note periclinally dividing cell of outermost periblem layer at right and nearby in same 
layer a cell which has divided periclinally. Figs. 1-4 natural size. Photographs 1-5 reduced ap- 
proximately one-fourth in reproduction. 
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eye can see, not at all variegated but such flowers usually show variegation 
when examined with a hand lens of medium power. 


HISTOLOGY OF THE VARIEGATION 
Variegated leaves 

For the study of the cell structure of variegated leaves fresh material 
proved much superior to tissue fixed in formalin acetic alcohol, FLEMMING’s 
medium, or ERLICcKI’s as modified by ZIRKLE and ANDERSON. The general 
effect of all the fixatives was the same; the colorless cells tended to go to 
pieces leaving only collapsed and irregular fragments. For the preparation 
of fresh material, sections were cut using a hand microtome, the sections 
were immersed in g5 percent alcohol for a half-minute or a minute and 
then mounted in glycerine. The mesophyll of the normal leaf (figure 6) 
consists of a single layer of palisade cells and three or sometimes four cell 
layers of spongy tissue. Variegation may affect any or all of these layers. 
The variegated areas invariably show a sharp transition from green to 
colorless cells. All sections were cut parallel to the secondary veins of the 
blade. The aim was, as far as possible, to show the developmental succes- 
sion of the cells. Illustrations of typical arrangements of green and color- 
less cells in the variegated areas are shown (figures 7-10) in which the green 
cells are stippled: the colorless cells are shown in outline only. We have 
been quite unable to demonstrate plastids in the colorless cells, either in 
fresh or in fixed and stained material. Any one of the mesophyll layers may 
show colorless cells, or various combinations of green and colorless layers 
may occur. The occurrence of colorless areas limited to each of the meso- 
phyll layers shows that change may take place anywhere in the mesophyll. 

KtsTER (1927) described the changes in cell structure occurring in 
variegated leaves of several different species and pointed out that tissue 
differentiation in the pale parts may be incomplete and that overgrowth 
of the palisade cells often results when the palisade is underlain by color- 
less mesophyll. Since the hereditary nature of KUsTEr’s variegations is 
not stated and probably differed in his various examples, the modifications 
found in variegated Salpiglossis leaves will be described in some detail. 

It is characteristic of colorless mesophyll cells in Salpiglossis that they 
fail to differentiate and this may lead to a loss of dorsi-ventrality in the 
leaf (figures 8, 10, 11). Colorless palisade cells (figures 7, 8, 10) are much 
smaller than normal palisade (figure 6), whereas green palisade adjacent to 
colorless shows characteristic enlargement of the cells (figures 9, 10). Fur- 
thermore, a comparison of normal and colorless palisade tissue (figures 
6, 7, 8) suggests that some reduction in the amount of cell division has oc- 
curred in the colorless areas. The spongy mesophyll of variegated regions 
shows changes similar, on the whole, to those noted for the palisade. But 
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green spongy cells bordered by a colorless layer undergo a marked change 
in shape as well as in size. For example, the green cells (figure 8 layers 2 and 
4; figure 9 layer 3; and figure ro layer 4) have lost the irregular shape char- 
acteristic of normal spongy cells and have become palisade-like. The green 
cells abutting on colorless would probably encounter less resistance to elon- 
gation than the corresponding cells of a normal leaf and the changes de- 
scribed might well result from a difference in pressure. 

An unexpected feature of variegated Salpiglossis leaves is that chloro- 
plasts were found in the epidermis of the white spots, both in the ordinary 
epidermal cells and the guard cells. This agrees with RrscHkow’s observa- 
tion (1927) that chlorophyll may be present in the epidermis of variegated 
leaves and absent in the mesophyll. It may be observed, further, that the 
occurrence of chloroplasts in leaf epidermis (LINSBAUVER 1930) is by no 
means exceptional. 

Variegated flowers 

Both fixed and stained preparations and sections from fresh material 
proved unsatisfactory for the study of the structure of variegated flowers, 
but the variegation was readily observed in fresh upper and lower floral 
epidermis mounted in water (figures 12, 13). Yellow plastids (chromo- 
plasts) are present in the epidermal and mesophyll cells of the corolla. 
They are very abundant in the upper epidermis, somewhat less numerous 
in the lower epidermis and sparingly present in the mesophyll. The plastids 
are typically sickle-shaped but rounded and triangular forms occur. Micro- 
scopic study of the epidermis of variegated flowers shows that variegation 
involves the plastids. The pale cells usually show no indication of plastids 
(figures 12, 13) but abnormal rounded plastids sometimes occur. In either 
case, the borders of the pale spots are sharply defined. The abnormal plas- 
tids are believed to be degenerate. It is not clear whether the change from 
normal to pale cells affects the amount or character of the anthocyanin 
produced by a cell. The color, however, is modified. For example, variega- 
tion in dark red flowers gives purple spots. Since variegation occurs in 
both yellow and anthocyanin types, it seems clear that the primary effect 
is upon the plastids and that the anthocyanin is secondarily involved. 


DIRECTION OF CHANGE IN THE VARIEGATION 

The marking of the variegated leaves indicates that the direction of 
change is from green to colorless. Seedling leaves, however, sometimes show 
single green spots on relatively large areas of colorless tissue and these sug- 
gest that the reverse change also occurs. But some green spots on colorless 
would be expected simply as a result of the chance arrangement of the 
pale spots in a strongly variegated leaf in which the direction of change 
was from green to colorless. Probably this is the explanation of the occa- 
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sional spots referred to. There is, however, a possibility that the green 
spots on white may have an epidermal origin, since the marginal mesophyll 
of leaves may sometimes be derived from dermatogen (JONES 1934) and, 
as has been seen, the epidermis of the variegated Salpiglossis leaves con- 
tains chloroplasts. 

It will be recalled that white branches were not found on variegated 
Salpiglossis plants. This is difficult to reconcile with the view that the 
variegation is the result of change from green to colorless. But the indica- 
tions of reduction in the amount of cell division in colorless as compared 
with normal palisade tissue suggested that a histological study of the 
leaves and growing points of the stems might shed some light on the prob- 
lem. Using a 43 X objective and a 7.5 X ocular of which the micrometer 
scale length was equal to 185 at stage level, counts were made in the pali- 
sade tissue of the leaves to determine the ratio of the number of green to 
colorless cells. Two hundred and sixty counts of colorless palisade averaged 
6.06 cells for the length of the micrometer field while the same number of 
counts of green palisade averaged 10.2 cells. 21 leaves were used, counts of 
both green and colorless being obtained in each case. The counts were made 
in plants of an inbred variegated strain and only leaves with blades 1—-1.5 
inches in length were used. 

The ratio of the number of colorless to green palisade cells as seen in 
cross sections of the leaves is 1:1.7. If this ratio is used as an index of the 
mean rate of multiplication of these cells, then, other factors being equal, 
a meristematic green cell would produce seventeen cell generations while a 
similar but colorless cell was producing ten. In other words, 128 times as 
many green as colorless cells would result during the period. 

The consequences of such lag in the growth of the colorless cells would 
be influenced by the character of the growing point. In Salpiglossis the 
growing point of the shoot shows a distinct sheath-like arrangement of only 
the dermatogen and the outermost layer of the periblem, the deeper lying 
cells being irregularly arranged (figure 5). Furthermore, as shown in the 
figure, periclinal divisions may occur even in the outer periblem layer. 
Thus, if a comparable difference in the rate of multiplication of green and 
colorless cells as shown for the palisade of the leaves obtains also in the 





EXPLANATION OF FIGURES 6-13 

FIGURES 6-13.—Fig. 6. Cross section of normal Salpiglossis leaf —Fig. 7. Section of varie- 
gated leaf showing normal (green) and colorless palisade, spongy cells normal.—Fig. 8. Palisade 
and second spongy layer colorless, first and third spongy layers normal.—Fig. 9. Palisade and 
second spongy layer normal, first and third spongy layers colorless.—Fig. 10. Palisade and third 
spongy layer normal, first and second spongy layers colorless —Fig. 11. All mesophyll cells color- 
less.—Fig. 12. Lower epidermis from variegated flower showing normal cells (with chromoplasts 
and pale cells (without chromoplasts).—Fig. 13. Upper epidermis from variegated flower show- 


ing normal and pale cells. All figures drawn with camera lucida at 930X. Reduced two-fifths in 
reproduction. 
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shoots, there would be a tendency for colorless cells to be supplanted by 
green cells at the growing points. It seems very probable that supplanting 
of colorless by green accounts for the failure of the variegated plants to 
produce white branches. 

In variegated Salpiglossis flowers the direction of change is apparently 
from normal to pale. Extreme variegation produces in addition to pale 
spots on a dark background, frequent examples of dark (normal) spots on 
pale. These latter might be interpreted as “reverted” spots but study shows 
that they are markedly irregular in form and also that spots of one to 
thirty cells in size are conspicuously absent from the “reversions.” Small 
spots would be expected if reversion occurred with observable frequency. 
Accordingly, we conclude that the “reverted” spots are formed by the con- 
fluence of the pale areas. 


CHROMOSOME NUMBER 


Chromosome counts of pollen mother cells showed that variegated 
I g 
plants have the normal (n= 22) chromosome number. 


BEHAVIOR OF VARIEGATED 

A total of 587 variegated-leaved plants all produced variegated flowers. 
As was to be expected, normal leaves and flowers occurred on variegated 
plants. A check of 1036 leaves from 12 plants of an inbred variegated strain 
showed 961 variegated : 75 normal. Since no attempt was made to measure 
the frequency or size of the spots on individual leaves, these figures do not 
express any precise relationship between variegated and normal. They are 
useful, however, for descriptive purposes. The data on the production of 
normal flowers by variegated plants indicate that the normal flowers tend 
to occur early in the flowering period. The percentage of normal flowers 
borne on 27 plants of an inbred variegated strain was as follows: 21 per- 
cent on June 21; 3 percent on July 7; all variegated on August 10; and all 
variegated on September 6. Observations were made on 308 flowers. 

Our records show only one variegated-leaved plant which failed to pro- 
duce variegated flowers. This plant died after producing only three flowers 
and was, therefore, not critically checked. One other case should be men- 
tioned in this connection. A plant from F, of the cross variegated X normal 
produced 39 progeny in the first inbred generation. 38 of these plants were 
variegated and showed marked variation in the amount of spotting. The 
remaining plant, checked repeatedly during a period of about five months, 
was not observed to be variegated. But an inbred progeny of 28 plants of 
this latter individual were all variegated although the intensity of the varie- 
gation was reduced in comparison with ordinary variegated strains. Thus 
the exceptional plant must have been homozygous variegated, the amount 
of variegation being reduced, presumably by modifying factors. 
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To test the possibility that the variegation might be due to disease, tis- 
sue of strongly variegated plants was macerated in a little water and in- 
oculated into normal plants after wounding of the leaves. 67 six-weeks-old 
seedlings were so treated. In addition, 97 seedlings four weeks old were 
sprayed with a solution containing macerated tissue. After three months, 
no indications of variegation having appeared in the treated plants, the 
experiment was discontinued. 

Seeds of variegated Salpiglossis give a small percentage of pale seedlings 
and these die soon after the cotyledons unfold. Seeds homozygous for 
variegation gave 913 normal : 24 pale seedlings or 2.6 percent of pale. 
Seeds of heterozygous variegated gave 1023 normal : 3 pale or 0.3 percent 
of pale. Some anthocyanin color may be present in the pale seedlings. 

The time of the first appearance of variegation is somewhat variable. 
In 61 seedlings the first stage to show variegated (or pale) was as follows: 


Cotyledons variegated (or pale) 7 seedlings 


First leaf variegated 15 seedlings 
Second leaf variegated 12 seedlings 
Third leaf variegated 18 seedlings 
Fourth leaf variegated 6 seedlings 
Fifth leaf variegated 3 seedlings 


When variegated was crossed with normal, the F, was normal. F; and 
backcross progenies were obtained each year from 1932 to 1935. For rea- 
sons which will appear later the data of 1932-33 have been separated 
from the data of 1934-35. Table 1 gives the F, progenies for 1932-33. 


TABLE I 


F, segregation for variegated 1932-33. 

















CULTURE STANDARD 
NORMAL VARIEGATED EXPECTED 
NUMBER ERROR 
731 28 9 
939 79 16 
940 62 21 





Total 169 46 161254 6.0 





The data indicate simple recessive behavior of variegated, although cul- 
ture 939 shows rather wide departure from expectation. Table 2 gives the 
backcross progenies. 

Cultures 732 and 733 were grown in 1932, the remainder in 1933. The 
fact that all the cultures grown in 1933 show an excess of normal and the 
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TABLE 2 


Segregation for variegated in backcrosses 1932-33. 








CULTURE STANDARD 
Jaen NORMAL VARIEGATED EXPECTED lettin 

732 29 34 

733 21 27 

944 34 19 

945 45 25 

948 64 59 

949 73 46 

950 25 29 

951 44 29 

952 38 25 

Total 373 284 329328 12.7 





rather wide departures from expectation found in cultures 944, 945, 949, 
and 951 indicate, if variegation is in fact inherited as a simple recessive 
character, that disturbing factors were present. Disturbance of expected 
ratios might be due to genetic modifiers, to factors affecting gametic or 
zygotic viability, or to environmental factors. Inasmuch as normal seg- 
regation was later (table 4) found to occur in backcrosses regardless of 
whether the male or female parent was heterozygous, it appears that the 
gametes did not show differential viability with respect to variegated. 
Moreover, a pollen count of 1468 for variegated showed 96.4 percent of 
normal grains. There was likewise no evidence that deficiency for varie- 
gated was due to a lower viability of variegated zygotes since seed germina- 
tion in a variegated stock was 93 percent (186 out of 200). It remains to 
consider the possibility that the disturbed ratios were due to genetic modi- 
fiers or to environmental factors. That genetic modifiers do occur is shown 
by the fact that progenies segregating for variegated exhibit such a wide 
range of variegation, that, to obtain accurate counts, it is necessary to 
check the plants at least twice, allowing a suitable interval between counts. 
Otherwise, weakly variegated plants may be missed. Furthermore, types 
showing reduced variegation breed true. 

It was found that seedlings of variegated Salpiglossis had a tendency 
to damp off in the seed pans. Since it seemed likely that genetic modifiers 
and damping-off might both be involved in the production of the aberrant 
ratios referred to, in the subsequent crosses an effort was made to eliminate 
both types of disturbing factors. Repeated backcrossing of heterozygous 
variegated to variegated was used to get rid of modifiers. Damping-off was 
guarded against by using only sterilized soil in the seed pans and by special 
care in watering. The further data obtained are given in tables 3 and 4. 





a —— 
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TABLE 3 





Segregation for variegated in Fz 1934-35. 














CULTURE STANDARD 

ea NORMAL VARIEGATED EXPECTED pean 
1023 IO 7 
1024 19 6 
1027 62 24 
1028 76 22 
1044 43 15 
1044.2 64 20 
1065 12 3 
1066 27 6 
1067 24 - 
1068 28 13 
1069 20 7 
1070 36 6 
t 107! 27 4 
1072 36 16 
1073 92 28 

Total $76 184 570: 190 11.8 





Backcross data for the same period are given below. 


TABLE 4 


Segregation for variegated in backcrosses 1934-35. 

















CULTURE STANDARD 
NORMAL VARIEGATED EXPECTED 
NUMBER ERROR 
1029 33 37 
1030 48 52 
1031 56 43 
1032 43 45 
1074 49 52 
1075 56 63 
} 1076 61 65 
1077 64 47 
1078 24 24 
1079 68 94 





| Total 502 522 512:512 16.0 





The data of tables 3 and 4 show beyond a reasonable doubt the simple 
| recessive inheritance of variegated and they indicate also a differential 
selection by damping-off. 

The possibility that the leaf and flower variegations are due to distinct 
but closely linked genes must be recognized. But except for the case al- 
ready mentioned, of a variegated-leaved plant which died after producing 
three normal flowers, we have found no instance of separate leaf and flower 
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variegations in our stocks. And it is significant that 66 F2 and 134 back- 
cross progeny all of which bore variegated leaves likewise produced 
variegated flowers. Accordingly, we conclude that the variegations re- 
present different though homologous effects of the same gene. 


DISCUSSION 


It is well-known that the same plastids may be in turn colorless, green, 
and yellow at different periods in their history. On the basis of such 
transformations, there is a general belief that the different types of plas- 
tids, leucoplasts, chloroplasts, and chromoplasts are homologous struc- 
tures. The occurrence of a gene having similar effects upon the chloroplasts 
and chromoplasts supports the idea of their homology. There would seem 
to be a possibility that the gene for variegated might mutate to a type 
affecting only one kind of plastid, but, as already observed, we have found 
no case of this kind. It would perhaps be possible to make synthetically 
a type with variegated leaves which would show little or no variegation in 
the flowers. Pale-flowered strains of Salpiglossis occur, due to a factor or 
factors which inhibit the development of normal plastids in the limb of 
the corolla. The combination of the inhibited-plastid type with variegated 
would be expected to produce a plant in which the variegation, although 
genetically present, would not manifest itself in the flowers. 

The extensive literature of chlorophyll variegations has been sum- 
marized by DEHAAN (1933) in his monograph on chlorophyll deficiences. 
Either a mutable gene or a pattern gene producing an unstable phenotype 
could explain the behavior of the variegation in Salpiglossis. ROELOFs’s 
term, “phenotypically eversporting” (1937), is to be preferred as a name for 
variegations of the unstable pattern type. That the Salpiglossis variegation 
is not due to plastid mutation in the sense of Imar (exomutation, 1934) is 
indicated first, by the fact that sections of variegated leaves have shown 
only fully green or colorless cells, there being no evidence of transitional 
stages. Second, the fact that in variegated flowers it is possible to examine 
all the epidermal cells immediately surrounding “mutated,” that is, pale 
epidermal spots and that here, too, the change from normal to pale cells is 
abrupt and has clearly occurred in one cell generation, appears to rule out 
the plastid mutation hypothesis.? Third, a plastid-transmitted change could 
hardly account for the absence of plastids in the pale cells of the variegated 
plants. 

The evidence as to the genetic character of the variegated tissues in 
Salpiglossis is, unfortunately, conflicting. Failure of these plants to segre- 
gate out white or green branches or green seed progeny points to the opera- 
tion of a gene with an unstable phenotype, whereas the production of a 


2 Shown especially well in the smaller spots consisting of 1-5 cells. 
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small percentage of white seedlings in the progeny of variegated suggests 
that a mutable gene is involved. The fact that a variegation of the pheno- 
typically unstable type in Lunaria produced variegated seedlings (Cor- 
RENS 1909) raises the question whether such factors may not sometimes 
produce white seedlings. In the absence of critical evidence concerning the 
genetic nature of the two types of tissue produced in variegated Salpiglos- 
sis plants, the question of mutable gene versus unstable phenotype in this 
variety should, for the present, be left open. 
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SUMMARY 


1. A variegated strain of Salpiglossis shows variegation in both the 
leaves and the flowers. 

2. The variegation is determined by a recessive factor which inhibits the 
development of chloroplasts in the leaves and chromoplasts in the flowers. 
3. Yellow and anthocyanin flower types both show the variegation. 

4. There is a secondary effect of the plastid modification upon antho- 
cyanin pigmentation. 

5. Variegated leaves show evidence of reduction in the amount of cell 
division in colorless as compared with normal green palisade cells. 

6. The direction of change in the variegation is apparently from normal 
to pale in both the leaves and the flowers. 
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DISTORTED Fe RATIOS OF CHARACTERS LINKED 
WITH A ZYGOTIC LETHAL 


BOLIVIAN maize with mosaic red pericarp and cob, here designated 

by the symbol M-M,’ crossed with a local inbred strain of maize 
having white pericarp and cob, W-W, produced in F, 21 M-M and 28 
W-W plants, not far from the 1:1 relation expected on the assumption that 
the M-M parent was heterozygous for pericarp and cob color, M-M/W-W. 
In F, and segregating F; cultures, however, there were 130 M-M and 64 
W-W plants obviously a 2:1 instead of the 3:1 relation expected. Later cul- 
tures increased these records to 747 M-M and 382 W-W plants, a deviation 
of only 6+ 10.5 from a 2:1 ratio. Of 18 M-M plants tested, all were hetero- 
zygous for pericarp color, though one-third were expected to be homozy- 
gous. The odds against the chance occurrence of this deviation of 6+1.3 
are over 500:1. This suggested that the 2:1 ratio might be brought about 
by the elimination of homozygous M-M plants. 

To test this possibility, M-M plants were crossed with an inbred W-R 
strain. The F, cultures consisted of 195 M-R and 183 W-R plants (really 
M-M/W-R and W-W/W-R). In F, and later segregating cultures from 
M-R parents, there were 1238 plants with mosaic and 617 with white peri- 
carp, again a 2:1 relation. The 617 were W-R as expected. Of the 1238 
plants with mosaic pericarp, 1217 were M-R and 21 M-M, that is, 1217 
were heterozygous M-M/W-R and only 21 homozygous M-M/M-M. The 
fortunate circumstance that, in crosses involving M-M with W-R all heter- 
ozygous plants are M-R and homozygous ones M-M, makes it possible 
to determine hetero- and homozygosity by mere inspection of the ears, 
thus avoiding the necessity of growing innumerable progenies. The results 


1 Paper No. 224, Department of Plant Breeding, Cornell University, Ithaca, New York. Many 
of the field records used in this paper were made by Dr. G. A. LEBEDEFF. 

? The gene P for pericarp color has numerous alleles (ANDERSON 1924; EMERSON, BEADLE, and 
FRASER 1935). Thus, the symbols P’", Pvt, P**, etc., indicate red pericarp and red cob, white 
(colorless) pericarp and white cob, variegated pericarp and variegated cob, respectively. For con- 
venience in this paper, the locus of these genes is indicated by P without superscripts and the 
several alleles by the superscripts alone, the first letter for pericarp and the second for cob color 
as follows: R-R red pericarp and cob, M-M mosaic pericarp and cob, V-V variegated pericarp and 
cob, W-W white pericarp and cob, W-R white pericarp and red cob. The symbols M-R or V-R 
are used to indicate mosaic or variegated pericarp associated with red cob because of the domi- 
nance of mosaic or variegated over white pericarp and of self red over variegated or mosaic cob in 
the heterozygotes M-M/W-R or V-V /W-R. 
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recorded here indicate clearly that the 2:1 relation of mosaic to white is 
due to the almost complete elimination of the expected 25 percent of 
homozygous M-M plants. This result is ascribed to a recessive zygotic 
lethal, z/, closely linked with P. This hypothesis is supported by the obser- 
vation that the ears of selfed plants heterozygous for 2 show partial ste- 
rility. Theoretically there should be 25 percent of missing kernels, but it is 
usually impossible to find that many vacancies. Reciprocal crosses of 
heterozygous zl plants with homozygous normals give a full set of kernels, 
thus showing that no gametic lethal is involved. 

The inbred W-R strain used in the crosses noted above was segregating 
for a then unknown recessive male-sterile gene, now known as msy;. Of 
F, and later cultures in which ms* was involved there were 673 normal and 
341 ms plants, clearly a 2:1 relation. Moreover, of the 673 normal plants, 
641 were M-R, six M-M and 26 W-R, while of the ms plants 329 were W-R 
and 12 M-R. Evidently, ms is closely linked with P and with 2l. 

It has long been known that tassel-seed 2, tse, is closely linked with P. 
It was assumed, therefore, that it must be linked with ms and with 2l. 
Mosaic-pericarp plants of the cultures recorded above were, therefore, 
crossed with W-R plants carrying ts.* Parental M-R plants gave in F, and 
later generations 376 normal and 176 ¢s plants. Of the normals, six were 
M-M, 357 M-R, and 13 W-R; while, of the ¢s plants 10 were M-R and 166 
W-R. Here zi, again, as expected, eliminated most of the homozygous M-M 
plants resulting thereby not only in a 2:1 ratio of colored to white pericarp 
but also in a 2:1 ratio of normal to ¢s plants. 

The data presented above show that 2/ is linked with the dominant 
mosaic red pericarp and the normal allele of 2/ with the recessive white 
pericarp. The convenient allelic series of pericarp-color genes makes it 
easily possible to arrange a cross in which 2/ is linked with a recessive peri- 
carp color and its dominant normal allele with a dominant color, and this 
without having to use a previous crossover. Self-red pericarp and cob, 
R-R, is dominant to M-M just as M-M is to W-W. Maize with M-M 2 
was crossed with R-R ts and resulted in normal R-R F; plants. There re- 
sulted in F, 123 normal and 4o ¢s plants. All the és and all but one of the 
normal plants were R-R; the one exception was M-M. The ratio of R-R 
to M-M was 171:1. Later records increased these numbers to 705:7. Some 
of the F, R-R plants involved here were also crossed with normal W-W 
plants and produced in the test-cross generation 93 R-R and 95 M-M 
plants (R-R/W-W and M-M/W-W, respectively). Obviously R-R/M-M 
F, can give M-M plants in F, only when 2/ is lost from at least one M-M 
gamete (M-M zl/M-M+). 


% Since msi; and és, are the only male-sterile and tassel-seed genes referred to in this paper, 
they are here designated by the symbols ms and ¢s without subscripts. 
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INTENSITY OF LINKAGE BETWEEN 2/, P, ms,z, AND tsa 
It is evident from the foregoing that in chromosome 1 of maize there is 
a group of four closely linked genes, P, ms, ts, and 21. No unusual difficulty 
is experienced in determining the percent of recombination between P and 
ts or P and ms. The following summary (table 1) is taken from Emerson, 
BEADLE, and FRASER 1935: 











TABLE 1 
| | | RECOMBINATIONS 
CY LINKAGE | XY x | ——$—<—<—_—_—_ 
x | PHASE i ; es x¥ xy TOTAL | nue PER- 
BER | CENT 
| — | | 
MsyP CB 1307 36 | 45 1318 2706 | 81 | 3.0 
PTs, | CB | 1558 | 19 | x | Esro | g268 40 
| RB | a a 2 | 188 2 
| _ 
| 
| | 


3296 ot tes 








These results indicate that és is nearer P than ms is and that the two 
are either approximately 1.7 or approximately 4.3 units apart. It is impos- 
sible, however, to measure this distance by ordinary genetic tests, without 
excessive effort. Male-sterile 17 almost never produces viable pollen and 
most lines of tassel-seed 2 are almost entirely pistillate flowered. It is, 
therefore, in most instances, impossible to identify the double recessive. 
The occurrence of a double recessive, however, doubtless by crossing over, 
has been demonstrated. Crosses of male-sterile with tassel-seed (one or 
other parent heterozygous normal) gave normals in F, and, in’ F, and later 
segregating generations, normal, male-sterile, and tassel-seed plants in 
the following numbers, respectively: 428, 196, 161, approximately a 2:1:1 
relation. One of these male-steriles with variegated pericarp and red cob, 
V-V ms/W-R ms, was crossed by a normal W-R, resulting in normal F,’s 
V-V ms/W-R+ and W-R ms/W-R+. One of these V-R normals on being 
selfed gave in F; 15 V-R normal, four W-R normal, six V-V és, and no ms. 
Fortunately, this same V-R normal parent had been crossed on both W-R 
ts and W-R ms. The first of these test crosses resulted in nine W-R normal 
and 16 V-R ¢s and the second in 22 W-R normal and 12 V-R ms. Obvi- 
ously, the original male-sterile plant that had been crossed by a W-R 
normal carried ts as well as ms. The F; was V-V ms ts/W-R+-+ and the 
F; ts plants were really double recessives, ms ts. This situation could have 
resulted only by a crossover between ms and fs. 

Since homozygous 2/ plants never appear, backcross data cannot be ob- 
tained and linkage intensity for P and zi must, therefore, be calculated 
from F; progenies. As shown earlier in this account, plants heterozygous 
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for M-M, W-R and al (M-M 2l/W-R+) give in F, a 2:1 ratio of mosaic to 
white pericarp, the former associated almost always with red cob as in the 
F; parent. The few mosaic-cob plants observed must have resulted from 
crossovers whereby z/ was lost from one M-M chromosome, and were, 
therefore, M-M+/M-M zl. From the percent of M-M plants the percent 
of crossing over can be calculated. In F; from M-M zl/W-R+, the percent 
of M-M plants (homozygous dominants) in the whole population should 
vary from o to 25 as the percent of crossing over varies from o to 50. 
Similarly, in F; from M-M 2l/R-R+, the percent of M-M plants (homo- 
zygous recessive) should vary from o to 25 with percent of crossing over 
varying from o to 50. From an observed percent of M-M plants in Fs, 
the percent of crossing over can be calculated by interpolation in a table 
prepared for the purpose. The available F, data for the two classes of 
heterozygotes, including records published earlier (EMERSON, BEADLE, 
FRASER 1935) are given in table 2 

















TABLE 2 

— —_ ——————— — ————— ae oy ee — ——— 7 ———— 
TYPES OF F; PLANTS | __ | PERCENT 
F, GENOTYPE ————————— an ene pacar CROSSING 

RR |MM\| M-R | W-R | M-M | over 

na ee ee. SS en, be ee a 
| | a a | 

M-M f ol/R- R+ | 705 | 7 } — | 712 ‘7 "ill | 1.487 

M-M 2l/W-R+ — | 2 | 186: a ror2 | 2891 | 0.969 | 1.466 

Total | 35 | | 3603 | ©.971 | 1.469 








ha shown in this table, the percent of crossing over between P and al is 
1.5. Since the crossover percent for P és is 1.3 and for P ms 3.0, 21 must 
be about 0.2 or 2.8 from ¢s and 1.5 or 4.5 from ms, depending on whether 
zl is on the same side of Pas ¢s or ms or on the opposite side. The nature 
of the characters involved, zygotic lethal, tassel-seed, male-sterile, make 
it impossible to use the ordinary three-point back-cross test as a means 
of determining the exact loci of this group of genes, but fortunately anoth- 
er method can be employed. 


LINEAR ORDER OF THE GENES: P, ms,7, AND 2l 


Since, to hand pollinate all plants involved in this study would require 
an inordinate amount of work and since crossovers are infrequent with 
genes so closely linked, it has usually happened that crossover plants had 
bee: open-pollinated before they were detected. But the close linkage 
renders crossover chromosomes relatively stable so that the new associa- 
tion of genes can be studied even though the plant first exhibiting it had 
been open pollinated. To avoid undue confusion, cultures produced by the 
selfed heterozygotes M-M zl/W-R ms and M-M 2l/W-R ts were grown on 
the two sides of an isolated block. Since ms and és plants produce little 
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or no viable pollen, the pollen produced in such isolated fields consists of 
a mixture of about 50 percent M-M zl, 25 percent W-R ms, and 25 per- 
cent W-R ts. This mixture is, of course, modified slightly by the pollen 
of the few crossover plants present in the block and by new crossover 
gametes of non-crossover plants. On one occasion, the open-pollinated 
block adjoined a field consisting largely of normal W-R and W-W plants. 

In the populations making up these partly isolated blocks, three types 
of crossover plants can be detected by mere observation without resort to 
progeny tests. In cultures grown from selfed M-M 2l/W-R ms, these three 
types are as follows: 


I—Homozygous M-M plants, usually M-M+/M-M zl. 
II—Male sterile M-R plants, usually M-M ms/W-R ms. 
I1I—Normal W-R plants, usually W-R+/W-R ms. 


These three crossover types will be considered one by one in an attempt 
to discover the linear order of the genes P, ms, and 2/. Later similar types 
from cultures grown from selfed M-M 2l/W-R ts will be considered. 

There are only three possible linear orders of the genes P, ms, and zl as 
shown below for the heterozygote M-M 2l/W-R ms: 


Alpha Beta Gamma 
+ M-M zl M-M zl + M-M + sz 
ms W-R + W-R + ms W-R ms + 


Type I crossovers, homozygous M-M plants, can arise only by re- 
placement of z/ by its dominant allele in at least one M-M chromosome. 
This might be accomplished by a crossover in region 2 of alpha, region 1 
of beta, or in either region 1 or 2 of gamma. Since no one of these genes can 
be more than five units from any other one, it is fair to assume that double 
crossing over never or very rarely ever occurs. Without double crossing 
over, when 2/ is lost from the M-M chromosome, that chromosome could 
never acquire ms simultaneously if the order is that shown in alpha, must 
always acquire it if the order is that of beta, and might or might not acquire 
it if the order is that of gamma. The problem, therefore, is to determine 
whether on losing 2/ the M-M chromosome never, always, or sometimes 
picks up ms. 

Type II crossovers, male-sterile mosaic-pericarp plants, might arise 
by a crossover in region 1 of alpha order, in either region 1 or 2 of beta 
order, or in region 1 of gamma order. Without double crossing over, when 
the M-M chromosome acquires ms it can never lose zi, if the order is that of 
alpha, may or may not lose it if the order is that of beta and must always 
lose it if the order is that of gamma. The problem is then to determine 
whether the M-M chromosome on acquiring ms never, sometimes, or al- 
ways loses zl. 
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Type III crossovers, normal W-R plants, might arise from a crossover 
in region 1 of alpha, in either region 1 or 2 of beta, or in region 1 of gamma. 
Without double crossing over, when ms is lost from the W-R chromosome, 
that chromosome could never pick up 2/ if the order of genes is that of 
alpha, might or might not if the order is beta, and must always do so if the 
order is gamma. What is to be determined, therefore, is whether the W-R 
chromosome, on losing ms, acquires zl never, sometimes, or always. 

These several alternatives are summarized for ready reference in the 
following tabular statement, table 3: 


























TABLE 3 
GENE ORDER 
CROSSOVER 
XCHAN 
TYPE aaa ms P sl P alms P ms al 
alpha beta gamma 
I M-M loses zi and acquires ms never always sometimes 
II M-M acquires ms and loses 2l never sometimes always 
III W-R loses ms and acquires zl never sometimes always 





Evidence from crossover type I 


In cultures coming from selfed heterozygotes M-M 2l/W-R ms, 28 
homozygous M-M plants were found and studied more or less adequately. 
All these plants had been grown in isolated or semi-isolated blocks from 
selfed seed and the seeds produced by them had been open-pollinated, the 
available pollen having been about 50 percent M-M zl, 25-s5o percent 
W-R ms, and o to 25 percent W-R ts. Small F; cultures were grown from 
each of the 28 open-fertilized ears. In all there were 443 F; plants and all 
of them were normal, not a single one male-sterile. Since 25 to 50 percent 
of the pollen produced in the isolated block the preceding year was ms, 
it is highly probable that some ms plants would have appeared in F; if the 
M-M chromsome had gained ms simultaneously with the loss of zl. 

A few plants of most F, cultures were selfed and F; progenies grown. 
Thirty selfed F;’s were homozygous M-M, presumably M-M+/M-M al, 
and 16 were heterozygous M-R, presumably M-M+/W-R ms. 

The F, progenies of the 30 M-M plants totaled 1139 individuals, of 
which 1100 were normal and 39 ms. For some of the 39 plants recorded as 
ms identification was uncertain because of injury to the tassels, but in 
most instances identification was probably correct. It is significant that 
all of the 39 ms plants occurred in six of the 30 F, cultures, the other 24 
cultures having consisted of normal plants only. Moreover, 36 of the 39 ms 
plants occurred in four of the six cultures, the other two cultures having 
had only three ms plants. The distribution of normal and ms plants in the 
two classes of cultures is shown in table 4: 
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TABLE 4 














| 
se we Ty le . nen | PERCENT 
ed | : 
CULTURES | meneeee. ernie | MALE-STERILE 
Four | 208 36 244 14.7 
| 
Two gt 3 94 | 





The genotype of the F; plants which gave rise to the two F; cultures 
showing 3.2 percent of ms plants was probably +M-M+/ms M-M al. 
The 3.2 percent of ms plants corresponds to a crossover percentage between 
ms and al of 4.8,which is not far from the maximum of 4.5 calculated earlier 
from the linkage of P ms and P zl. But the 14.7 percent of ms plants in the 
other four cultures could hardly have come from an F; of that genotype, 
for 14.7 percent recessive corresponds to a crossover percentage of slightly 
more than 25. If the four F,’s were +M-M+/ms M-M-, 25 percent in- 
stead of about 15 percent of the F, population should have been ms. That 
the parents of all these F, plants were +M-M+/+M-M al is suggested 
by the fact that sibs of four of these F,’s threw no ms plants in F2. It seems 
probable that ms might have come from crossover pollen in the open- 
pollinated isolation block while the loss of 2/ had certainly occurred in the 
selfed plants one generation earlier. 

The F, progenies of the 16 heterozygous M-R selfed F,’s grown from 
open-pollinated crossover M-M plants exhibited two strongly contrasting 
types of segregation, as shown in table s: 


TABLE 5 


TYPES OF F2 PLANTS 
NUMBER OF | 





ape cameron uae es ee 
Fs CULTURES | M-M+ M-R+ | M-Rms | W-R+ | W-Rms | 
| 
Nine | 84 129 II II 71 | 306 
I 138 17 9 81 | 246 


Seven 





Records of the seven F; cultures are approximately those expected in F; 
from selfed F,’s of the genotype +M-M 2l/ms W-R+. If the original cross- 
over M-M plants were M-M+/M-M zl and if 25 to 50 percent of the pollen 
of the field was W-R ms, as postulated, about one-fourth to one-half of the 
F, M-R plants should have been +M-M 2l/ms W-R+. That is, the cross- 
over chromosome was not involved and these seven cultures are irrelevant 
to this discussion. The other nine F, cultures with 84 M-M, 140 M-R, and 
82 W-R plants, the latter mostly ms, are about what should be expected 
from selfed F,’s of the constitution +M-M+/ms W-R+. The 11 M-R ms 
and 11 W-R+ plants are to be regarded merely as the result of a relatively 
high crossover frequency in the F, plants. These nine cultures afford no 
evidence that the M-M chromosome acquired ms when it lost zl. 
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As a general statement, therefore, it is fair to conclude that, when the 
M-M chromosome loses 2] by crossing over, it does not simultaneously 
pick up ms or that it very rarely does so. It follows from this that linear 
order alpha, ms P zl, is the most likely one but that order gamma, M-M ms 
zl, is perhaps a possibility. The most significant conclusion, however, is 
that order beta, M-M zl ms, is impossible because ms certainly is not 
always acquired with the loss of 2. 


Evidence from crossover type II 


In addition to homozygous M-M plants arising because of the loss of 
zl from an M-M chromosome, considered in the preceding discussion, there 
are found M-R ms plants (M-M ms/W-R ms) coming from the addition, 
by crossing over, of ms to the M-M chromosome. In the same open- 
pollinated blocks in which type I crossovers were found, 56 type II cross- 
overs were identified. F,; cultures from seed of all these crossover plants 
were grown and a few ears of each selfed or crossed with appropriate tester 
stocks. The F; cultures had a total of 754 plants, 445 of which were normal 
and 309 ms. This is in strong contrast with F, of type I crossovers in which 
no ms plants appeared. 

The F, ms plants were mostly M-R, presumably M-M ms/W-R ms. 
The problem is to determine whether the M-M ms chromosome carries 2/1 
also. Several of these ms plants were pollinated by normal M-R plants of 
a tester stock, the genotype of which was known to be +M-M al/ms 
W-R-+. If the F, ms plants so crossed carried 2] in the M-M chromosome, 
zl M-M ms, no M-M plants should appear in the progeny except from new 
crossovers by which z/ might be lost. Two sharply separable types of prog- 
enies were obtained, 30 of one type and two of the other, as shown in 
table 6: 


TABLE 6 














TYPES OF TEST-CROSS PLANTS 








NUMBER OF co 
; | | l | 
Soe | ee | M-R+ | M-M ms| M-R ms | W-R+ | W-Rms | TOTAL 
| 
Thirty 23 481 | 0 | 454 33 465 | 1456 
Two 24 ry ne a) 44 ° a 








Of the 1456 plants of the 30 cultures, 958 had mosaic to 498 white peri- 
carp, and 537 were normal to 919 male-sterile, not far from 2:1 and 1:2 
ratios, respectively. This behavior, together with the occurrence of rela- 
tively few M-M plants, indicates clearly that the 30 F, plants from 
which these test-cross progenies came had both 2/ and ms in their M-M 
chromosomes. It follows, therefore, that the M-M chromosome did not, in 
these instances, lose zJ when it acquired ms. 
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The other two cultures, however, gave strikingly different results. Of 
the 134 plants, 1o1 had mosaic and 33 white pericarp, a 3:1 ratio. And of 
the mosaic-pericarp plants, 33 were M-M and 68 M-R. Obviously the 
M-M chromosomes of these two F,’s carried ms but not 2/. This situation 
might have occurred by the loss of z/ simultaneously with the acquisition 
of ms, but this is not the only possibility. The acquisition of ms might have 
occurred in the selfed parents of some of the isolation-block plants and 
some of the gametes of the resulting plants in the isolation-block might 
have lost zl. In either case the ms parents of these two test-cross cultures 
must have been ms M-M+/ms W-R+. 

So far only the ms plants appearing in the progenies of type II cross- 
overs found in isolation blocks have been considered. If, in general, 2/ 
is retained by the M-M chromosome when it acquires ms, the normal 
plants grown from open-fertilized seed of type II crossovers should be of 
no significance in this discussion. If these plants are ms M-M 2l/ms W-R+ 
and are pollinated with a mixture of +M-M zl and ms W-R+ pollen, 
the only normal plants of the next generation should be ms W-R+/+M-M 
zl. In short, the crossover plant contributes to these normal plants of the 
next generation only the non-crossover chromosome ms W-R+. 

The F; progenies of open-pollinated type II crossovers contained normal 
M-M and M-R plants whose selfed progenies gave results of significance 
for the problem here under consideration. Of 26 F; normal M-M and M-R 
plants, in eight instances the crossover parent had obviously been pol- 
linated in part with W-R ts; pollen, in seven with W-R pollen, and in 11 
with W-W pollen. The resulting F, cultures of the three groups are given 
separately in table 7: 














TABLE 7 
TYPES OF F2 PLANTS 

NUMBER 

orF; | yw-m |u-M| M-R | M-R | M-R| W-R | WR| w-w | TOTAL 
CULTURES ns os 4 oie ts + ts + 

Eight ° I 138 34 2 18 80 _ 273 
Seven ° I 226 14 _ 123 _ — 364 

Eleven 477 21 _ _— _ _ — 230 736 





























In the first group of eight and the second one of seven cultures from selfed 
M-R normals, only one M-M plant occurred in each; the respective num- 
bers of plants with mosaic and with white pericarp were 175 to 98 and 241 
to 123; and the respective numbers of normal and ms plants were 238 to 
35 and 349 to 15. Evidently 2/ was here associated with M-M and ms, 
thus preventing, except by new crossovers, the appearance of homozygous 
M-M and ms plants and thereby resulting in 2:1 ratios of colored to white 
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pericarp. Such behavior is that expected from selfed plants of the re- 
spective genotypes ms M-M zl/ts W-R+ and ms M-M 2l/+W-R+. In 
the third group of 11 cultures from selfed M-M normals, there were 498 
plants with colored to 238 with white pericarp, a 2:1 ratio; and there were 
715 normal to 21 ms plants. Obviously the 11 selfed M-M plants had the 
genotype ms M-M 2l/+W-W-+-. 

In 56 of the 58 tests of type II crossovers, it is certain that the M-M 
chromosome did not lose z/ when, by crossing over, it gained ms. In only 
two of the 58 tests, might z/ have been lost at the same time that ms was 
acquired by this chromosome. And, even here, the loss of 2/ might have 
occurred one generation later than the acquisition of ms. These results 
indicate strongly that linear order alpha, ms P al, is the correct one but do 
not disprove the possibility that the order might be that of beta, P 2l ms. 
The most significant conclusion derived from these records is that order 
gamma, P ms zl is impossible, because certainly 2/ is not always lost when 
ms is gained by the M-M chromosome. 

It will be recalled that the records from 37 F: cultures grown in the 
study of crossover type I, homozygous M-M, indicated order alpha as 
the most probable but did not exclude order gamma, while the records of 
the 58 cultures used in a study of crossover type II, M-M ms, indicated 
order alpha as most probable without excluding the possibility of order 
beta. But the crucial conclusions are that the type I crossovers studied 
could not possibly have come from order beta and that the type II cross- 
overs studied would have been impossible with order gamma. The only 
possible order, therefore, is alpha, that is, with P located between ms 
and 2. 

Evidence from crossover type III 

Even though the evidence already presented from studies of crossover 
types I and II is conclusive, it is perhaps worth while to present the few 
data available from studies of type III crossovers, normal W-R plants. 
The problem here is to determine whether the W-R chromosome acquires 
zl on losing ms by crossing over. In the isolation blocks, + M-M zl and ms 
W-R-+, pollen was abundant. If the W-R chromosome, on losing ms were 
to gain zl, gametes with the crossover chromosome W-R zi could produce 
no seed when fertilized with an M-M zl gamete. Yet, the progenies of open- 
pollinated W-R crossover plants consisted largely of normal M-R and 
W-R plants. Many of the M-R plants were, naturally, the result of fer- 
tilization of a non-crossover W-R ms egg by an M-M zl sperm and are 
of no importance in this study. Five selfed M-R plants, however, threw 
normal M-R and W-R plants in Fs, in all, 211 of the former and 108 of the 
latter. Certainly in these five instances 2] was not acquired by the W-R 
chromosome when it lost ms. The 2:1 ratio and the absence of M-M 
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plants is, of course, brought about by the presence of 2/ associated with 
M-M. Six W-R plants in progenies of open-pollinated W-R normals were, 
evidently, the result of pollination with W-W pollen. Their F; progenies 
included 472 W-R and 145 W-W plants, all normals. This is approximately 
a 3:1 ratio, as is expected in F; from selfed plants of the constitution 
+W-R+-/+W-W-+. In these instances also the W-R chromosome did 
not gain z/ on losing ms. This is the result expected with the alpha order 
of genes. 

But one M-R and one W-R plant gave different F, results. The former 
produced 129 M-R to 16 W-R plants, as might have been expected if it 
was W-R zl/M-M-+. The latter produced 117 W-R to 56 W-W plants, 
a 2:1 ratio, expected if it was W-R 2l/W-W-+. Such results can not be 
interpreted on the basis of a single crossover with the alpha order of genes, 
and beta and gamma orders have been shown to be impossible by studies 
of crossover types II and I, respectively. It is not necessary, however, to 
postulate double crossing over in this short region of chromosome 1. The 
F, plant, which gave in F, 129 M-R to 16 W-R plants and which was pre- 
sumably W-R zl/M-M+, had two W-R sibs in which the W-R chromo- 
some did not carry zl. In this case and also in case of the Fi; W-R 
plant which gave 117 W-R to 56 W-W plants in Fe, the crossovers by 
which the W-R chromosome lost ms certainly occurred in the selfed 
parents of the isolation-block cultures in which the crossovers were first 
detected. If these two isolation-block plants had been +W-R+/ms W-R+ 
the +W-R+ chromosome could not have picked up zl by crossing over 
because its homolog, the commonly present ms W-R+ chromosome, did 
not carry 2l. If, however, these two plants were +W-R+/ms W-R al, 
the first W-R chromosome of at least one gamete might have gained 2l 
from the second W-R chromosome. But the genotype here postulated 
presupposes its formation by the union of two crossover gametes, +W-R+ 
and ms W-R al. 

Moreover, the seed from which one of the F; plants grew must have been 
formed from fertilization with a crossover pollen grain, + M-M +. 
Whether this concatenation of unusual events is less or more likely than 
double crossing over in a region of about five crossover units or than the 
occurrence of a new 2/ mutation, the problem does not affect the well 
grounded conclusion that the postulated alpha order of genes, ms P zl, is the 
actual one. 

LINEAR ORDER OF THE GENES P, fs2, AND 21 


In an attempt to determine the linear order of the genes P, és, and 21, 
the same method was used as in similar studies involving ms, already re- 
ported. Progenies of selfed plants of the genotype + M-M 2l/ts W-R + 
were grown at the side of a field made up largely of + W-R + and + W-W 
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+ plants, or in an isolated block containing on one side progenies of selfed 
plants of the constitution + M-M zl/ms W-R +. The plants were open- 
pollinated and, in the isolation-block, the available pollen consisted of 
approximately 50 percent 21 M-M +, from 50 to 25 percent + W-R ts, 
and from o to 25 percent + W-R ms. Crossover types I and II and possible 
gene orders, alpha, beta, gamma, are the same as given in the preceding 
account involving ms, except that és is substituted for ms in each case. 


Evidence from crossover type I 

Thirteen F, cultures were grown from open-pollinated plants of cross- 
over type I, homozygous M-M. Of these F; plants, 286 were normal and 
none ts. This indicates that, when z/ was lost from the M-M chromosome, 
ts was not gained. Thirty-five of these normals, 15 M-M and 20 M-R, were 
selfed and F, progenies grown from them. Records of like cultures are 
grouped together in table 8. 

TABLE 8 





= | 

TYPES OF F, PLANTS 
— 

| 


NUMBER 
OF | M-M| M-M| M-R | M-R | MR | W-R | W-R | W-R | W-W | 7OPAE 
CULTURES rs Is + ts ms + ts | ms 4+ | 
Nine 5 — 154 5 _ 7 04 _ _ 265 
Eight 56 I 88 — — 6 49 _ — 200 
Three 21 — 35 _— I 5 _ 14 _ 76 
Ten | 227 _ _ _ —_ — = | = 227 
Five | 115 — _— — — _ — | - | “oe 143 


The F, parents of the first group of nine cultures were, doubtless, 2 
M-M +/+ W-R ts. Evidently, the non-crossover chromosome, 2/ M-M, 
was involved here, and the records, therefore, are of no use in this discus- 
sion. The F, parents of the other four groups of eight, three, ten, and five 
cultures, apparently had, respectively, the genotypes + M-M +/ts W-R 
+, + M-M +/msW-R+, +M-M +/+ M-M al or+ M-M+/+ M-M 
+, and + M-M +/+ W-W +. It is obvious that in none of the original 
crossovers concerned in these tests did the M-M chromosome, on losing 
zl, gain ts. This indicates the alpha order of genes or the gamma order with 
all the crossovers occurring in region 2. The most significant conclusion is 
that the beta order is impossible. 


Evidence from crossover type II 
Only nine open-pollinated crossover plants of type II, M-R ts, were 
studied. Their F, progenies consisted of 69 normal and 89 és plants. Thir- 
teen normal plants, one M-M and 12 M-R were selfed and seven ¢s plants, 
all M-R, were crossed by + M-M 2zl/its W-R +. The records of the F, and 


test-cross progenies are presented in three groups in table 9: 
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TABLE 9 


TYPES OF Fy, AND TEST-<° ROSS PLANTS 
NUMBER OF 


‘ = TOTAL 
——— M-M + M-R + W-R+ M-R ts W-R ts 
Twelve I 130 4 4 70 200 
One 32 — = — _— 32 
Seven 2 77 2 71 76 221 


The first group of 12 cultures, evidently, was derived from F; plants of the 
genotype + M-M sl/ts W-R +. The non-crossover W-R ts, not the cross- 
over M-M ts chromosome, was involved. These records, therefore, are of 
no use in this study. The one F, culture might have come from an F; of 
the constitutions ¢s M-M sl/+ M-M +, and it could not have come from 
ts M-M +/+ M-M zl. The seven cultures from M-R ts F,; plants crossed 
by + M-M al/is W-R + could have come only from fs plants of the geno- 
type ts M-M sl/ts W-R +. All the evidence, therefore, indicates that 2/ is 
not lost when és is acquired by a crossover in the M-M chromosome. This 
indicates that the alpha gene order is the correct one or that, if the bela 
order, all the crossovers occurred in region 2. The most significant con- 
clusion is that the gamma order is impossible. 

Since the evidence from crossover type I proves the Lela order impossible 
and from type II shows the gamma order to be impossible, the actual order 
is the alpha one with P between al and fs. This is the same order found for 
ms, P, and zl. The genes ts and ms must, therefore, be on the same side of 
P. The order for ts and ms can be inferred from the crossover percentages 
of 1.3 for P ts and 3.0 for P ms. Moreover, the one double recessive ms ts 
plant noted earlier could have arisen by a single crossover in the genotype 
from which it came only if the order of genes is ms, ts, P. The order of the 
four genes, therefore, is believed to be ms ts P 2l or zl P ts ms. 


POSSIBLE DOUBLE CROSSING OVER IN THE REGION ms TO 2/1 


Here and there throughout the preceding account, crossover plants have 
been reported the genotypes of which might have arisen from a single 
crossover if the order of genes had been that of the postulated Leta or gam- 
ma and could not have come from a single crossover with the alpha order 
which has been demonstrated to be the actual one. Any of these excep- 
tional crossovers could be accounted for by double crossing over with the 
alpha order of genes, but, as has been shown, that assumption is not the 
only possible one. It has been pointed out that two separate crossovers, 
one in the open-pollination-block, where the crossover plants were dis- 
covered, and one in the preceding generation, furnished an adequate in- 
terpretation. In one instance, it was necessary even to assume the union of 
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two crossover gametes in one generation plus the functioning of a third 
crossover gamete in the next generation. Unlikely as this peculiar chain of 
events may be, it is perhaps quite as likely as the occurrence of a double 
crossover in a region of approximately 4.5 crossover units. One dislikes to 
postulate the occurrence of new mutations, though the possibility is not 
excluded. 

One exceptional crossover plant, not mentioned previously, can not be 
dismissed so easily. The case, therefore, deserves somewhat detailed treat- 
ment. The exceptional behavior occurred in the tester stock involving the 
progeny of selfed + M-M 2l/ms W-R +. A culture of this stock consisted 
of 55 M-R +, one M-R ms, and 26 W-R ms plants. Individual Number to 
of this culture, an M-R normal, was selfed and the resulting progeny con- 
tained 25 M-R +, two M-M +, and 14 W-R ms plants. All this is, of 
course, typical behavior for this stock. Pollen of this same Number to 
plant was used to pollinate a normal R-R plant and 4o normal R-R F; 
plants resulted. They were presumed to be + M-M 2l/+ R-R +, and 
ms W-R +/+ R-R +. Four selfed R-R plants of this F, culture gave F; 
progenies such as expected on this assumption. Two of the four F; plants 
were, obviously, ms W-R +/+ R-R +, and need be given no further con- 
sideration. Two other F,; plants were, doubtless, + M-M zl/+ R-R + as 
expected. Their F, progenies from selfing consisted of 181 R-R normals; 
and their F; progenies, when crossed on a normal W-W stock, had 93 R-R 
and 95 M-M plants. 

One normal R-R of the original F, culture of 40, however, on being selfed 
produced an F, progeny of 184 R-R +, four R-R ms, one M-M +, and 58 
M-M ms. The genotype of this F; must have been ms M-M +/+ R-R +. 
One gamete of individual Number ro of the tester stock crossed on normal 
R-R must, therefore, have been ms M-M +. In short, when zl was lost 
(type I crossover) ms was gained, or, when ms was acquired (type II cross- 
over) zi was not retained. There is no possibility that the genotype here 
concerned could have arisen by separate crossovers in plants of different 
generations, except the chance, unfortunately not always excluded, that a 
stray grain of pollen, instead of a pollen grain from individual Number to 
of the tester stock, functioned in the production of the one normal R-R 
plant which was responsible for this involved discussion. The almost in- 
surmountable difficulty with the suggestion of the accidental functioning 
of a stray grain of pollen in the otherwise controlled cross-pollination is 
that, so far as known, no stock of maize in which ms was associated with 
M-M without zi was in existence at the time. In fact the first known oc- 
currence of this association of genes was in the progeny of the selfed plant 
here under discussion. This leaves the alternatives of postulating (1) a 
mutation of normal to ms in the M-M chromosome coincidentally with the 
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TABLE 10 
ere RECOMBINATIONS 
F, GENOTYPE | COMBI- 
: | aaa REGION REGION REGIONS ne 
or e I 2 I AND 2 
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crossover by which it lost z/, or a mutation of z/ to its normal allele when 
ms was added by crossing over, (2) a somatic crossover in addition to a 
meiotic one, or (3) double crossing over in a region of less than five cross- 
over units. If a double crossover did occur in this instance, it happened in 
a region shorter than that commonly given as the minimum for Droso- 
phila. 


ORIENTATION OF THE 15,7 tS, P zl COMPLEX IN CHROMOSOME I 


It has been shown that the order of genes here under discussion is ms ts 
P zl or 2l P ts ms, Orientation of this group with respect to other genes of 
the short arm of chromosome 1 of maize had to await the discovery of 
suitable markers near enough to P to be usable. Such markers are now 
available in certain reciprocal translocations involving the short arm of 
chromosome 1 (ANDERSON 1935). These translocations, T 1-2c, 1-3, 
1-5b, 1-5c, were furnished by. Dr. E. G. ANDERSON of California Institute 
of Technology, who has also given permission to use unpublished data in- 
cluded with other three-point back-cross records in table 10. 

The data presented in the above table show that the breaks in T 1-5sb, 
I-S5c, and 1~3a are to the right of P, between P and br. The data involving 
these three translocations show further that sv, ms,;, and tse are to the left 
of P. Finally, they show that T 1~2¢c is to the left of ms,; and tse. This is in 
accord with back-cross data showing that T 1—2¢ is very near sr, as follows: 


+ Tr-2e +T ++ sr T srt 


= 297- 
sr + I51 I I 144 


Crossover percent sr—T 1-2¢ = c.7. 


The available data place this group of genes of the short arm of chromo- 
some 1 of maize in the following order: 


ST<—MS7 1.7 tsp 1.3 P 1.5 2l—obr. 
3 5 


The gene 2b,, reported by H. K. Hayes (unpublished) to be near P, has 
not been tested with msy7 or és. 


SUMMARY 


A Bolivian maize with mosaic red pericarp and cob was found to have a 
recessive zygotic lethal, 2/, closely linked with the pericarp-color gene, P 
and the near-by genes male-sterile17, ms,7, and tassel-seed 2, tse. The effect 
of z/ is to prevent homozygosis of genes with which it is closely linked, and 
thus to change a 3:1 to a 2:1 F; ratio when linked with a dominant gene 
or to prevent the occurrence of the one class when linked with a recessive 
gene. 
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The nature of the characters studied made impossible the use of ordinary 
methods of determining the linear order of the genes concerned. The 
method employed, based on the assumption of very rare or no double cross- 
ing over in so short a region, may be illustrated as follows: The three 
possible orders of the genes P, ms, and zi and the associations of the three 
genes in the heterozygotes studied are: 


Alpha order Beta order Gamma order 
+ P3zl Pal + P + <4 
ms; + + + + ms; + msy7 + 


When, by crossing over, P loses 2/ it could never acquire msy; if the gene 
order is alpha and must always acquire it if the order is beta; and when P 
gains ms; it could never lose z/ in the alpha order and must always lose it 
in the gamma order. Many tests of easily detectable crossover types dem- 
onstrated that P on losing 2/ does not gain ms,; and on gaining ms,; does 
not lose z/, thus eliminating the possibility of the beta and gamma orders. 
The postulated alpha order, ms,; P al, is, therefore, the actual one. Similar 
tests involving ¢s2 proved the order to be ts: P al. 

Tests with appropriate markers, mostly reciprocal translocations with 
chromosome 1 breaks near P, have shown that 2/ is to the right of P with 
mS,; and tse to its left. The genetic map for this short region of the short 
arm of chromosome 1 is: 


ST<—MS17 1.7 tS2 1.3 P 1.5 2l—-br. 


The occurrence of several crossover plants, which could not have re- 
sulted from a single crossover with the order of genes as given above, were 
readily accounted for by two separate crossovers in succeeding generations. 
The one exception to this was a plant the change in whose genotype could 
have occurred only (1) by a single crossover between two genes accom- 
panied by mutation of a third gene, (2) by a single crossover preceded by 
at least one somatic crossover, or (3) by a double crossover in a genetic 
distance of approximately 4.5 crossover units. 
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INTRODUCTION 


HE linkage group associated with chromosome 8 of maize was the 

last one to be established. Only two genes, j; (japonica) and msg, (male 
sterile) are listed by EMERSON, BEADLE and FRASER (1935). One further 
gene, v6 (virescent) has since been added. McCLinTocK (1933) showed by 
means of a deficiency that 7; was located in the distal portion of the long 
arm. This is in accord with BURNHAwm’s studies on the translocation T8-ga 
(BURNHAM 1930, 1934). 

LINKAGE DATA 


BURNHAM (1934) has reported 38.4 percent crossing over between T8-9a 
and japonica, this being the average value for 414 backcross plants. 























TABLE 1 
a ++ 
Backcross progenies from combinations 5 
+ mss ji 
; ae | PERCENT a | pencener 
NORMAL (Msg) OFFSPRING |cROssING| MALE STERILE | CROSSING 
eee See Ser we See ee ae | OVER 
| T++ +++ T+ | ++ | TOTAL | T-msg | msj | ms + | mMSs-J 
T3-8a | 113 | 10 | 16 | 0 139 7.2 | 155 | 14 | 308 | 9-7 
T3-8b | 110 | 59 |} 12 | 4 | 182 32.9 138 | 14 | 334 | 8.1 
T4-8a 67 | 37 8 2 114 | 34.2 | 101 15 230 | 10.9 
T6-8a sxe | 16 | ° 129 a eo a | 252 | 7-5 
| 
T8-ob | 77 | 31 7 | 4 | 119 | 29.4 | 127 | 19 265 11.3 
T8-10b 134 | 37 9 | o | 180 | 21.0 | 122 | 28 330 11.2 
| | } 
T8-10c | 45 | 19 | 7 | ° 71 | 26.8 | 79 | 10 | 160 | 10.6 








Data to be presented in this paper deal with translocations listed as 
T3-8a, b, T4-8a, T5-8, T6-8, T8-gb, T8-10a, b and c (ANDERSON 1935). 
Table 1 gives data on backcrosses involving both mss and 7;. Since mss 
plants do not produce pollen, all the backcrosses were made using pollen 
of the F;. The mss plants were not classified for semisterility. The T-mss 
crossover values were computed from the normal (Mss) plants only; the 
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mSs-j, values from the totals of all plants. All seven of these translocations 
show the same order T-ms;-j, indicating that both genes must lie toward 
the end of the chromosome with 7; nearest the end. In view of McCtin- 
TOCK’S (1933) placement of 7; in the distal part of the long arm, it may be 
stated that both genes lie well out in the long arm, with 7; outermost.This 
will be amply verified when the correlation with the cytology is presented. 
Following the convention of orienting the linkage maps with the end cor- 
responding to the short arm to the left, the map must read, from left to 
right, T4-8a—T3-8a—ms s—. 

Additional data involving japonica but not male sterile are given in 
table 2. In general the percentages of recombination agree with the cor- 


TABLE 2 


Backcross progenies from combinations 











PARENTAL PERCENT RI 
- a RECOMBINATIONS TOTAL 
COMBINATIONS COMBINATION 
T3-8a 75 7° 23 14 182 20 
T3-8b 95 54 29 47 225 8 
T4-8a 303 323 203 221 1050 40.4 
T6-8a 288 249 37 58 632 15.0 
T8-10a 230 261 93 75 659 a6:5 


T8-10c 140 154 39 36 369 20.3 


responding percentages obtained from the normal (Mss) offspring 
1. They may be compared as follows: 


Table 1 Table 2 Combined 
T 3-8a 18.7 20.3 19.6 
T 3-8b 39.0 33.8 36.1 
4-8a 39.5 40.4 40.3 
6-8a $2.9 15.0 14.7 
8-I0c 36.6 20.3 23.0 


The only exception is T8-roc. The high value from table 1 is based on only 
71 plants, the low value from table 2 on 369 plants. The recombination 
value for the total is 23.0 percent, which may be accepted as more nearly 
correct. The distance of T8-10c from mss may then be estimated as about 
14 or 15 units. T8-1oa may also be estimated as about 15 or 16 units from 
mss. Likewise T8-ga may be estimated as about 30 units from mss on the 
basis of data presented by BURNHAM (1934). It must be realized that these 
are estimates instead of measurements, and will be listed as such in cor- 
relating with the cytological observations. 
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CYTOLOGY 


Observations at the prophase of meiosis have given the positions of the 
interchange in seven of the translocations studied. The positions are re- 
corded in decimal fractions of the distance from the spindle attachment 

ANDERSON 1938). Thus 8L.2 indicates chromosome 8, long arm, two- 
tenths of the distance from the spindle attachment to the end of the chro- 


mosome. 


3-8a 21.6 8L.8 
3-8b 21.8 8L.2 
4-8a 45.5 + 8L.1 
6-8a 6L.5 8L.7 
8-gb 8S.2 9L.8 
8-10a 8L.6 109.3 + 
8-10c 8L.5 108.4 


Most of the chromosome-8 translocations were studied early and mostly 
from greenhouse material. The observations are somewhat less reliable 
than those of chromosome g (ANDERSON 1938), most of which were done 
more recently. In general the placements on chromosome 8 may be taken 
as reliable to about .2. The short arms of chromosomes 8 and to are very 
short so the placements 8S.2 and 10S.3 show simply that the interchange 
is in the proximal half of the short arm. 

T5-8A 

One translocation, T5-8a, has given such erratic distribution of progeny 
as to merit special attention. Pollen of two sister F; plants backcrossed on 
mS, j, stock gave the distributions shown in table 3. The two cultures gave 
quite similar results showing a great deficiency of mss plants. Where an 


TABLE 3 
T +4+ T ms j 
Backcross progenies from plants of T 5—8a of constitution — — and ————— ‘ 
+ ms j . a oe 





NORMAL (mss) MALE STERILE TOTAL |CROSSING 
PARENT — OFF- OVER 
T++ | +4++ T+j | rorat | msj | ms + TOTAL |SPRING| ms-j 
11-171-18 88 8 96 II 2 13 109 9.2 
! | * 
II I-20 161 } I 18 180 5° | 7 57 237 | 10.5 
mbined | 249 | I 26 276 6: | g@ | 7e | 260: | ‘xO.2 








+++ | TH+ | +4) 








15-Q21-4 146 ae 12 171 108 | 7 
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equality of mss to Ms; plants is expected, only about one fourth as many 
were obtained. From a later generation, a plant of constitution T ms; j 
+ + + was used as pollen parent of a backcross (table 3). The results are 
similar but with less discrepancy between Mss and mss plants, and more 
crossovers between T and mss. Another plant of constitution Tmss3/ ++ 
on backcrossing gave 190 + +, 12 T +, and 106 male sterile plants. For 
all cultures the average crossover value for the T-mss interval is 4.0 per- 
cent; for the mss-j interval 8.5 percent. The map order is clearly T-mss-j. 

Three sister plants of a cross of T5-8a with japonica were backcrossed 
to japonica. The results are summarized in table 4. In the two cultures in 

TABLE 4 
Backcross progenies from three sister plants of T 5-8a of constitution T/j. 








PARENTAL RECOMBI- 
>ERCEN 
USED | COMBINATIONS} NATIONS none a PERCENT 
PARENT : TOTAL | RECOMBI- I an 
AS I 
ee NATION 
be +) ie oe = | 
8534-3 of 81 21 15 8 125 18.4 96 | 29 76.8 
8534-5 of 29 85 8 20 142 19.7 37 105 26.1 
77 78 9 ey 


8534-12 | @ 


14 178 *9.. 86 | 92 48.3 


which pollen of the F; was used, unbalanced distributions were obtained. 
In the one culture the T plants were high in frequency, as in table 3. In the 
other culture the T plants were deficient. Otherwise the amount and type 
of unbalance resemble those in table 3. The one culture in which the F; was 
used as female parent gave a balanced distribution 

Hybrids involving the chromosome-s gene, pr, have sometimes given 
ratios of purple to red seeds diverging widely from expectations. These 
have been studied by BURNHAM (1936) and interpreted as due to one or 
more genes affecting differential fertilization or pollen tube growth. Since 
T5-8a likewise involves chromosome 5, the unbalanced distributions ob- 


TABLE 5 
Reciprocal outcrosses of T5—-8a/pr bm, plants to recessive pr. 









AS PISTILLATE PARENT AS POLLEN PARENT 
PLANT NUMBER SUEEEEEEEEREEEEREEEEEEEEeeeeT eee | Se — 
Pr pr Pr | pr 
18-289-2 84 | go | 24 92 
18-289-6 126 112 24 151 
18-289-8 go 
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tained are probably due to the same cause. The distributions of purple and 
red seeds in reciprocal outcrosses of three T5-8a/pr bm, plants (table 5) 
are in agreement with such an interpretation. In each case an approximate 
1:1 ratio was obtained when used as female parent, while as pollen parent 
there was a deficiency of purple seeds. 


CORRELATION OF CYTOLOGICAL POSITION WITH 
CROSSING OVER FROM MSxg 


Table 6 presents a list of the translocations arranged in approximate or- 
der of their observed cytological positions together with their observed or 


TABLE 6 


Comparison of position of interchange with percent of recombination with mss. 


NUMBER OF PLANTS IN 























| 
| CYTOLOGICAL RECOMBINATION | LINKAGE TESTS 
| POSITION WITH Sx |—_—__—— eee rere ae 
mSs n 
T8-ob S.2 29.4 119 119 
T4-8a L.1 34.2 114 1164 
3-8b L.2 32.9 182 407 
8-9a L.2 (30.0)* | (BURNHAM 1934) 
8-10b 21.0 180 | 180 
8-—10c | L.5 (14.0)* 71 | 440 
| a = } 
8-104 | L.6 (15.0)* | 6590 
6-8a L.7 7.8 129 71 
3-8a | L.8 7.2 139 321 


5-8a 4.0 649 791 








* Estimated from T-j; recombinations. 


estimated percentage of recombination with mss. The correlation is re- 
markably close considering the small number of plants and the difficulties 
involved in the cytological observations. The reliability of the cytological 
placements is not greater than .2. 

The two genes mss and 7; appear to be in the terminal one-fourth of the 
long arm of chromosome 8, with j; nearest the end. Except perhaps for the 
gene 2, the short arm and the proximal three-fourths of the long arm are 
devoid of known genes. 

SUMMARY 


Data are presented on linkage relations with mss and j; for nine trans- 
locations involving chromosome 8. The cytological positions of seven of 
these have been determined. 
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The genes msg and j; are in the terminal one-fourth of the long arm of 


chromosome 8, with 7; nearest the end. 
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INTRODUCTION 
OTWITHSTANDING their external uniformity, free-living popu- 
N lations of Drosophila pseudoobscura are replete with genetic varia- 
bility. The variations in the shape of the Y chromosome (DoBzHANSKY 
1935, 1937), and in the gene arrangement in the third chromosome 
(DoBzHANSKY and STURTEVANT 1938) are especially striking. A genetic 
analysis of the third chromosomes has shown that a considerable propor- 
tion of them carry recessive lethals, semilethals, deleterious viability 
modifiers, and other morphological and physiological changes (STURTE- 

VANT 1937, DOBZHANSKY and QUEAL 1938b). 

The present study was undertaken in order to extend the above observa- 
tions by using samples of the populations of D. pseudoobscura inhabiting 
the highlands of Mexico and Guatemala. A greater comprehensiveness was, 
however, not the only aim of the work. In the absence of suitable tech- 
niques of creating experimental populations of Drosophila, the general 
problems of population mechanics can be attacked only through compara- 
tive analysis of judiciously selected free-living populations. For reasons 
to be explained below, a comparison of Mexican and Guatemalan popula- 
tions with those from the temperate part of North America seemed es- 
pecially promising. 

MATERIAL AND TECHNIQUE 


The distribution area of D. pseudoobscura extends from the boreal 
forests of British Columbia to well below the Tropic of Cancer. In Mexico 
and Guatemala it inhabits the montane coniferous and broad leaved 
forests, within the altitudinal limits of approximately 5500-8500 feet. It 
does not occur in the tropical lowlands, even when pine groves are en- 
countered therein (for example, south of Chilpancingo, Guerrero, Mexico, 
or near Quirigua, Guatemala). Its south-eastern limit is apparently reached 
in the highlands of western Guatemala; at least, it has not been found in 
the pine barrens around Guatemala City which appear, judging by analo- 
gies, not unfavorable for it. A list of the localities in which population 
samples were collected is given below (compare with figure 3). The names 
used to designate the strains are italicized. 

Guatemala: Finca Santa Victoria, near Panajachel, Lake Atitlan, Feb- 
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ruary 9, 1938, mixed wood; Totonicapan, February 11, pine grove; slope 
of Santa Maria, at Zunil, near Quezaltenango, February 12, pine wood; be- 
tween San Francisco and Momostenango, February 13, pine wood; Salegua 
valley, near Huehuetenango, February 14, mixed wood; Rancho Tejor, 
near Sacapulas, February 15, mixed forest; Chichicastenango, February 
16, deciduous grove. 

Mexico, Oaxaca: Cerro San Jose, near Ejutla, September 1936, mixed 
forest; Morelos: north of Cuernavaca, September 1936 and March 7, 1938, 
mixed forest. Mexico: foot of Iztaccihuatl, near Amecameca, March g, 
pine wood. Michoacan: Lengua de la Vaca, near Zitacuaro, March 13, pine 
wood; Quiroga, Lake Patzcuaro, March 14, mixed wood; east of Morelia, 
March 15, oak grove. Vera Cruz: mountains above Tecamaluco, near Ori- 
zaba, March 20, mixed wood. Puebla: below Asseraderos de San Felipe, 
east of Tehuacan, March 22, pine grove; slope of Iztaccihuatl, northwest of 
Puebla, March 23, mixed forest. Hidalgo: Omitlan, near Pachuca, March 
25, mixed grove. Durango: Rancho Otinapa, September 1936, pine forest. 

The wild females trapped were isolated from the males, shipped to the 
Laboratory at Pasadena, and each of them became the progenitor of a 
separate strain. Chromosomes of the larval salivary glands were examined 
in temporary aceto-carmine mounts; the larvae to be used for this purpose 
were grown at 18°-20°C, with yeast added to the regular medium. The 
shape of the Y chromosome was studied in temporary aceto-carmine smears 
of the testicular tissue of freshly hatched adult males. The crosses made for 
the analysis of the gene contents in the third chromosomes were raised 
generally at room temperature, but the generations (F;, Fy, and Fs) in 
which the counts were made were always kept in an incubator at 24.5°C. 


GENE ARRANGEMENTS IN THE THIRD CHROMOSOME 


Seventeen distinct gene arrangements, related to each other mostly as 
overlapping inversions, were identified in the third chromosome of D. 
pseudoobscura by DOBZHANSKY and STURTEVANT (1938). With the aid of 
a method described in detail in the paper just referred to, and which need 
not be dwelt upon here, the phylogenetic relationships of these seventeen 
structural types were established (compare with the phylogenetic chart in 
figure 3 of that paper). The arrangements denoted as Standard, Hypo- 
thetical (resembling that found in D. miranda) and perhaps Santa Cruz, 
are the ancestral ones. Standard has given rise to a family of related types 
which occur mostly in race B, but two of which, namely Arrowhead and 
Pike’s Peak, are restricted to race A. Race B of D. pseudoobscura does not 
occur in Mexico and Guatemala. Santa Cruz has produced a family of four 
arrangements: Cuernavaca, Chiricahua I, Mammoth, and Tree Line. Tree 
Line has, in turn, given rise to a family of four derivatives: Estes Park, 
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Oaxaca, Olympic, and Hidalgo. Santa Cruz, Tree Line, and their deriva- 
tives are found exclusively in race A. 

The identification of the gene arrangements is technically easiest if the 
individual to be tested is outcrossed to another whose third chromosomes 
are known beforehand. The chromosomes are examined in the salivary 
glands of the larvae in the F; of the cross. If the individual in question has 
the same gene arrangement in its chromosomes as that present in the tes- 
ter strain, only simple chromosome strands are found in the hybrid. Any 
difference in the gene arrangement is reflected in formation of aberrant 
pairing configurations. If, finally, the tested individual is a structural 
heterozygote, two or more types of hybrid larvae are encountered. To 
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FicurE 1.—The distribution of the structural types of the third chromosome 
in Mexico and Guatemala. 


facilitate the observation, tester strains are so chosen that the gene ar- 
rangement found in them resembles as much as possible that expected in 
the materials tested. 

Two strains, one homozygous for the Santa Cruz and the other for the 
Tree Line arrangements in the third chromosomes, were used as testers 
for Mexican and Guatemalan populations. Single sons of the females 
caught outdoors, and in some instances single grandsons of such females, 
were crossed to females from the tester strains. A summary of the data 
thus obtained is presented in table 1 and in figure 1. 

Nine gene arrangements in the third chromosome are recorded in the 
material examined. In three localities from which adequate samples were 
available (Pachuca, Amecameca, and Patzcuaro),as many as five struc- 
tural types were detected in the same population. This indicates that 
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Mexican and Guatemalan populations of D. pseudoobscura tend, on the 
whole, to be more heterogeneous with respect to the gene arrangement 
than is the rule in populations from more northern latitudes (DOBZHANSKY 
and STURTEVANT 1938). The total number of the arrangements recorded 
in race A from its entire distribution area, extending from British Colum- 
bia to Guatemala, is only thirteen. Among the nine found in Mexico, eight 


TABLE I 


Frequencies of the gene arrangements in the third chromosome in populations from 
various localities in Mexico and Guatemala. 











| SANTA CUER- CHIRI- TREE ESTES 

| CRUZ NAVACA CAHUA LINE PARK 
Orizaba | _ 27 — 5 4 
Tehuacan a II — 2 3 
Pachuca i-— 45 _ 27 2 
Puebla —_ 13 I II 5 
Amecameca | I 17 2 II 19 
Cuernavaca _ 4 _~ _ _ 
Zitacuaro | 2 9 = 4 = 
Morelia 2 sa wre 4 3 
Patzcuaro 18 8 — 2 -— 
Quezaltenango 35 6 — 15 —_ 
Momostenango I — _— -- 
Totonicapan 9 I — 3 _— 
Huehuetenango 5 — _— I — 
Sacapulas 4 _ — — _— 
Atitlan 2 I _— I — 
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were known previously, and one, Hidalgo, is 
heterozygotes have a single short inversion in the 
includes sections 77B, 78, 79A, 68D, 74AB, 73, 72C, and a part of 72B 
(figure 2). The position of Hidalgo in the phylogenetic scheme is, accord- 


ingly, among the Tree Line derivatives. 
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new. Hidalgo/Tree Line 
: third chromosome, which 


The presumed ancestral arrangement, the Standard, is common on the 
Pacific Coast of the United States, from British Columbia to Lower Cali- 
fornia, and occurs sporadically further east, as far as the Rockies and pos- 
sibly Texas. Yet, Standard does not penetrate Mexico and Guatemala. The 
same negative conclusion must be reached with respect to Arrowhead, 
which is the commonest type almost everywhere in the United States 
where the species is found. The sole derivative of Standard that is found 
in Mexico, and at that very rarely, is Pike’s Peak, which is rather common 


in the Rockies and very common in Texas. Pike’s Peak is not found on the 
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Pacific Coast of the United States, except in a small area north of San 
Francisco Bay, where it has been detected in two samples collected by Dr. 
A. H. SturTEVANT (from Sebastopol and from Hopland, California). All 
other gene arrangements inhabiting Mexico and Guatemala belong to the 
Santa Cruz and the Tree Line “families” ; furthermore, all the members of 
these “families” are represented in these countries, with the single excep- 
tion of Mammoth which is endemic to the Sierra Nevada of California. On 
the other hand, only three of the arrangements found in Mexico and 
Guatemala, namely Cuernavaca, Oaxaca, and Hidalgo, are endemic, while 
the remainder are found also in the United States, especially in California 
and in the Rocky Mountains of northern Colorado, although none of them 





Ficure 2.—The distal part of the third chromosome in the Tree Line / Hidalgo heterozygotes. 


are known to go as far north as British Columbia. To summarize: popula- 
tions inhabiting the extremes of the species area, British Columbia in the 
North and Mexico and Guatemala in the South, have no structural types 
in the third chromosome in common; populations from the intervening ter- 
ritories contain mixtures of the northern and the southern types in vary- 
ing proportions. 

Within Mexico and Guatemala the populations are also not uniform. 
The localities studied fall into two large groups. The first embraces east- 
central Mexico, from Orizaba to Cuernavaca (table 1), and the second in- 
cludes west-central Mexico and Guatemala. The first group is character- 
ized by high frequencies of Estes Park and Cuernavaca arrangements, and 
by the absence of Santa Cruz. A high frequency of Santa Cruz, a lower one 
of Cuernavaca, and absence of Estes Park are characteristic for the second 
group. The writer is insufficiently familiar with zoo- and phytogeography 
and geology to visualize the causal background of the division just de- 
scribed. 

The geographical regularities discussed above represent what one could 
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perhaps call gross distributional features. Superimposed on them are much 
more local, microgeographic, variations, which manifest themselves pri- 
marily in unexpectedly large differences between populations inhabiting 
neighboring localities. Thus, 15.5 percent of the chromosomes at Pachuca 
have the Olympic arrangement, which is not found at all in other localities 
studied in east-central Mexico, and which reappears only in the relatively 
remote Patzcuaro. Although many samples are admittedly small, the sta- 
tistical probability of the difference between Pachuca and adjacent locali- 
ties being due to chance is negligible. A similar, though less pronounced 
difference exists between the Puebla and Amecameca samples, which come 
from places separated only by the northeastern spur of the volcano Iztac- 
cihuatl, the crest of Rio Frio, which is completely covered with forest 
favorable for the habitation of D. pseudoobscura. Nevertheless, the Estes 
Park arrangement is more common at Amecameca than it is at Puebla; 
the x? of the difference equals 4.062, which means that such or a greater 
difference may occur by chance less than once in twenty trials. The failure 
to find the Oaxaca arrangement anywhere in central Mexico except in 
Orizaba and Zitacuaro is also suggestive, although this may well be due to 
inadequacy of the samples. In general, although any one of such differ- 
ences could conceivably be due to sampling errors, the combined data 
prove the existence of microgeographic variations rather convincingly. 
Whether such variations are permanant, in the sense that a population re- 
tains its characteristics from year to year, or are fleeting waves in the 
genetic composition of a local colony, can not be decided for the Mexican 
samples. DopzHANSKY and QUEAL (1938a) and KOLLER (1939) found that 
populations inhabiting different mountain ranges in the Death Valley re- 
gion of California, and even parts of the same range, are not alike. Accord- 
ing to KOLLER, the composition of the population in a locality may differ 
in successive years.! 

Somewhere between the macro- and the microgeographic variations 
stand the phenomena of discontinuity in the distribution of certain ar- 
rangements. The Chiricahua arrangement is rather common in the south- 
western United States; the single strain known from northern Mexico 
(Durango) proved to be homozygous for it. Yet, in central Mexico this ar- 


1 The finding of DospzHansky and QuEat that populations inhabiting adjacent mountain 


“gradients” in 
these variations, has been misunderstood by some colleagues as implying a denial of the usual 


ranges differ in composition, and that there are no clear geographical trends or 


rule that such trends are present in intraspecific geographical variability. This is, of course, a 
misapprehension. The geographical trends certainly exist, and can be detected if samples from suf- 
ficiently remote localities are studied (compare with DoszHANsky and STURTEVANT 1938). But 
if samples are taken from close localities, the major trends are obscured by the microgeographic 
variations. The macro- and the microgeographic variations are not mutually exclusive, but, on 
the contrary, complementary, and the latter may prove to be the germs of the former. 
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rangement is rare (table 1). The two strains known from southern Mexico 
(Oaxaca) both contained it, and in Guatemala it has not been found. Estes 
Park is common in east-central Mexico, but not in the west-central part or 
in Guatemala. The only other area in which it is known to exist is the 
Rocky Mountains of northern Colorado. Olympic is known from the 
Olympic peninsula, Washington, from Mount Whitney, California, and 
from Pachuca and Patzcuaro, Mexico. The absence of Estes Park in west- 
central Mexico and in Guatemala appears to be a somewhat special case. 
A glance at table 1 or figure 1 shows that there is a kind of repulsion be- 
tween the Estes Park and the Santa Cruz arrangements: they practically 
never occur together. Phylogenetically, Estes Park is descended from Tree 
Line, which is in turn a derivative of Santa Cruz. A comparison of Estes 
Park and Santa Cruz (compare with DoBzHANsKY and STURTEVANT 1938) 
reveals that these gene arrangements are very similar: the inversion trans- 
forming Tree Line into Estes Park has nearly undone the change produced 
by the inversion through which Tree Line arose from Santa Cruz. The 
Estes Park/Santa Cruz heterozygotes have in their salivary gland cells al- 
most completely paired third chromosomes, showing only small deficiency- 
duplication buckles in the short sections where the homology is incom- 
plete. STURTEVANT (1938) has shown that, on theoretical grounds, such 
inversions are not expected to coexist in the same population, since the 
crossing-over in the heterozygotes will give rise to gametes with unbalanced 
gene complements. According to STURTEVANT, this situation may serve as 
a starting point for the development of isolating mechanisms, and hence 
for species divergence. The “repulsion” between Estes Park and Santa 
Cruz observed in Mexican and Guatemalan populations may be regarded 
as evidence corroborating STURTEVANT’s theoretical deductions. 


VARIATION IN THE Y CHROMOSOME 


Seven distinct types of Y chromosome are known in D. pseudoobscura 
(DOBZHANSKY 1935, 1937), four of which, types IV, V, VI, and VII, occur 
exclusively in race A, two, types II and III, only in race B, and one, type 
I, in both races. The shape of the Y chromosome has been examined in 26 
strains from Mexico and in g strains from Guatemala. The results obtained 
are as follows. 

Type I. Mexico. Durango: Otinapa-7. Michoacan: Patzcuaro-1, Patz- 
cuaro-2, Zitacuaro-3. Morelos: Cuernavaca-5. Puebla: Tehuacan-1. Oax- 
aca: Cerro San Jose-4, Cerro San Jose-s. 

Type IV. Mexico. Durango: Otinapa-3. Michoacan: Patzcuaro-4, More- 
lia-t, Morelia-3, Zitacuaro-2. Hidalgo: Pachuca-2, Pachuca-5. Mexico: 
Amecameca-1, Amecameca-3. Morelos: Cuernavaca-2, -5, -6, -8, -II. 
Puebla: Puebla-1, Puebla-2, Tehuacan-2. Vera Cruz: Orizaba-2, Orizaba-3. 


’ 
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Type VII. Guatemala: Quezaltenango-1, 2-, -3, Momostenango-1, Hue- 
huetenango-1, Sacapulas-1, Chichicastenango-1, Totonicapan-1, Atitlan-1. 
A summary of the above data is presented in figure 3 in map form. Types 
I and IV occur throughout Mexico, the former apparently being common- 
er in the western and the latter in the eastern part of the country. Beyond 
the confines of Mexico, type I has been recorded in race A from a single 
locality only, namely from Santa Rita Mts., which is close to the Mexican 
border. Type IV is found along the Pacific Coast of the United States and 
Canada, and also in Arizona and New Mexico. Type V, which is the com- 
monest in the Rocky Mountain area, does not occur in Mexico at all. This 
negative information is interesting since it parallels the results obtained 
with the gene arrangements related to Standard in the third chromosome 
(see above). 
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FiGuRE 3.—The distribution of the types of Y chromosome in Mexico and Guatemala. 


A totally unexpected finding is that the Guatemalan populations are 
uniform in having the type VII of the Y chromosome. This type has been 
recorded previously only from two localities in northern Colorado, and 
from nowhere else in the United States or in Mexico. The possibility that 
we are dealing with two distinct but mimic types, one endemic to Guate- 
mala and the other to Colorado, should not be disregarded: small differ- 
ences in the metaphase chromosomes are easily overlooked. But the great 
difference between the Mexican and the Guatemalan populations with re- 
spect to the Y chromosome is also unexpected, since no analogous differ- 
ence exists with respect to the gene arrangements in the third chromosome. 
The strains from Cerro San Jose, Oaxaca, which were recorded in 1937 as 
having the type I of the Y were reinvestigated, in order to ascertain that 
these strains have actually type I, and not VII, of the Y. The original 
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identification proved to be correct. The boundary between the Mexican 
and the Guatemalan populations is probably the low Isthmus of Tehuan- 
tepec, which, being covered with tropical vegetation, is in all likelihood not 
inhabited by D. pseudoobscura. 


GENE ARRANGEMENT IN CHROMOSOMES OTHER THAN THE THIRD 


The “sex-ratio” condition in race A of D. pseudoobscura (STURTEVANT 
and DoBZHANSKY 1937) is now known to be associated with a triple inver- 
sion in the right limb of the X chromosome. These inversions were repeat- 
edly observed in preparations of the Mexican material, but estimates of 
the frequency of “sex-ratio” in populations can be made more easily by 
observing the progeny from the crosses of single sons of wild mothers to 
unrelated females, “Sex-ratio” males produce progenies consisting of 
daughters, and few or no sons. Sometimes two sons of the same female were 
tested; since a female has two.X chromosomes, her sons may be either alike 
or different. If a single son is tested, the presence or absence of the “sex- 
ratio” in a single X is determined; if a second son of the same female is 
tested, the probability that the second X of that female is recovered is 50 
percent. Therefore, it was considered that 134 chromosomes were tested 
wherever the progeny of two brothers was observed. In east-central Mexi- 
co (the first six localitiesin table 1) 2414 “sex-ratios” were found among 
126% tested chromosomes, so that the frequency is 19.4 percent. In west- 
central Mexico (Zitacuaro, Morelia, and Patzcuaro) the figures are 5%4 
among 32, or 17.2 percent, and in Guatemala 1 in 65%, or 1.6 percent. The 
figure for Guatemala is astonishingly low. 

In the chromosomes other than the third and the right limb of the X no 
inversions or other changes were detected, although in the older material 
from Cuernavaca a fourth chromosome inversion has been seen (DoB- 
ZHANSKY and STURTEVANT 1938). 


GENIC VARIABILITY IN THE THIRD CHROMOSOME 


Analysis of the population samples from the mountains of the Death 
Valley region has shown that about 15 percent of the third chromosomes 
carry recessive lethal or semilethal genes. Among the remaining 85 per- 
cent, a very large fraction carry viability modifiers, a decided majority of 
them unfavorable to the organism. Other types of hereditary variability, 
such as mutations producing visible external effects and modifiers of the 
rate of development, are also encountered (DoBzHANSKY and QUEAL 
1938b). To obtain comparable data for Mexican and Guatemalan popula- 
tions, the technique used previously in the work with those from Death 
Valley was followed. 

Each female caught outdoors was allowed to produce offspring. A single 
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male was taken from every culture, and crossed to females homozygous 
for the third-chromosome recessives orange and purple (or pr). In the F,, 
males were taken, one per culture, and crossed to females having or, 
Blade, Scute, and pr in one chromosome and the Cuernavaca inversion in 
the other. The inversion is used to prevent crossing over in the or Bl Sc pr / 
Cuernavaca females. In the next generation, denoted F; although it is not 
that strictly speaking, females and males showing B/ and Sc are selected 
from each culture and intercrossed; their constitution is evidently or Bl Sc 
pr / wild. In the F; a segregation in the ratio 66.7 percent Bl Sc : 33.3 per- 
cent wild type is expected, provided the wild chromosome in question car- 
ries no viability modifiers. A more detailed description of this technique, 
including a discussion of its limitations, may be found in the paper by 
DOBZHANSKY and QUEAL (1938b). Suffice it to add here that, since the 
or Bl Sc pr chromosome has the Standard gene arrangement and the wild 
chromosomes from Mexico and Guatemala always have arrangements 
other than the Standard, few or no crossovers appear in the offspring of 
or Bl Sc pr females. 

Altogether 120 wild chromosomes, 38 from Guatemala and 82 from Mex- 
ico were analyzed. The proportion of the wild-type individuals in different 
F; cultures varied from zero to a high value of 57.05 percent (table 2). 
Complete absence of wild-types in a culture indicates that the wild third 
chromosome involved carries a lethal gene, or genes. The number of such 
cultures in the Guatemalan samples amounts to 18.4 percent, in the Mex- 
ican, to 22.0 percent and in the combined data to 20.83+2.50 percent 
of the total. This may be compared with the figure for the Death Valley 
populations, which is 11.90+0.75 percent. The infestation with lethals 
is greater in the Mexican and Guatemalan populations, the difference 
being significant. 

In some cultures a few wild-types do appear, but their frequency is far 
below the theoretically expected 33.3 percent. Such cultures contain semi- 
lethals. The distinction between the lethals and the semilethals, and be- 
tween the semilethals and the “normal” viability range, is not sharp. 
Arbitrarily we may consider any culture producing less than one-half of 
the expected number, that is, less than 16 percent, of wild-types as having 
a semilethal. Although this limit is an arbitrary one, shifting it a little up- 
ward or downward fails to alter the results appreciably, since cultures giv- 
ing frequencies of wild-types in the neighborhood of 16 percent are not 
numerous. On this basis, the proportion of the chromosomes carrying 
lethals or semilethals in Guatemalan populations turns out to be 34.21 + 
5.20 percent, in the Mexican 28.05 +3.35 percent, and in the combined 
data 30.00 + 2.82 percent. The comparable figure for the Death Valley 
populations is 14.96 + 0.82; the difference is 15.04 + 2.94 per cent, or five 
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times greater than the probable error. STURTEVANT (1937) recorded 19.25 
+ 1.95 percent of lethals, and no semilethals, in samples from various 
parts of the distribution area of the species, including some Mexican 
chromosomes. Comparing this figure with ours for lethals and semilethals 
combined, which is entirely fair since STURTEVANT’S failure to discover 
semilethals is due clearly to chance, we find that Mexican and Guatemalan 
populations have 10.75 + 3.43 percent more lethal-bearing chromosomes 
than the species at large, and hence the germ plasm of the Mexican and 
Guatemalan populations is infested with these genetic variants to a greater 
extent than is the case in other territories. With 30 percent of the third 


TABLE 2 


Frequency of wild-types (in percent) in the F; cultures; further explanation in text. 
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chromosomes carrying lethals and semilethals, only half of the flies are 
free of them, 42 percent have one, and g percent have two lethal-bearing 
third chromosomes (this, of course, does not take into account the infesta- 
tion which is probably present in the second, fourth, fifth, and X chromo- 
somes). 

Disregarding the lethals and the semilethals, a residue is obtained in 
which the frequency of wild-types varies from 16percent to 38 percent, with 
one culture giving as much as 57 percent (table 2). To test whether this 
variation is genetic or is due to a combination of environmental influences 
with sampling errors, a F, generation was raised. For this purpose, B/ Sc 
females and males were selected in F; cultures and inbred; counts in the 
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offspring were made to determine the frequencies of wild-type and Bl Sc 
individuals. The results are shown in figure 4 in form of a correlation table, 
comparing the frequencies of the wild types in the F; and F, cultures of 
the same strains. The strain that gave 57.05 percent of wild types in F; is 
omitted; three F, cultures were raised from this line, giving respectively 
29.3 percent, 33.1 percent, and 34.9 percent wild-type. The unreasonably 
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FicureE 4.—Correlation between the frequencies of wild-type individuals produced in the F3 
and F, generations of the same lines. The frequencies are expressed in percent. 


high frequency observed in F; is probably due to contamination; the F; 
culture contained 1409 flies. 

The correlation table conveys, first of all, an idea about the validity of 
the classification of lethals and semilethals. The 24 chromosomes, which 
behaved in F; as carrying lethals, showed a similar behavior in F,. One of 
the F; semilethals behaved in F, as a complete lethal, and another of the 
F; semilethals moved in F, into the subnormal range. Two lines which on 
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the basis of the F, data must be classified as semilethals were in the sub- 
normal range in F;. If the frequencies of the lethals and semilethals were 
determined on the basis of the F,, instead of the F;, data, the figure arrived 
at would have been 31.3 percent, instead of 30.0 percent. This is a very 
good agreement. 

The strains which gave more than 16 percent wild type in both F; and F, 
generations are found in the lower right part of figure 4. If this part is 
treated as an independent correlation table, a correlation coefficient r= 
+ 0.253 + 0.072 is obtained. This is a weak, but still perceptible, positive 
correlation. The existence of the genetic viability modifiers is hereby estab- 
lished. 

Wild type individuals obtained in F; and F, of the above experiments 
are made homozygous for wild third chromosomes. In natural populations, 
with the possible exception of local colonies in extremis reduced to very few 
individuals, there is no such rigidly enforced homozygosis. The “normal” 
viability of D. pseudoobscura must be looked for in individuals that receive 
from their parents unlike chromosomes of each kind, or, to put it more 
exactly, a random sample of the chromosomes present in the population 
in question. To obtain such a standard of comparison, B/ Sc / wild females 
and males from different F, cultures were intercrossed. The frequency of 
the wild,type individuals in the resulting offspring is shown in table 3. The 

TABLE 3 


Viability of types heterozygous for two diferent third chromosomes extracted from 
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distribution curves for the homozygotes and the heterozygotes are shown 
superimposed on each other in figure 5. It is quite evident that, even dis- 
regarding lethals and semilethals, the curve for the heterozygotes is dis- 
placed toward the right compared to that for the homozygotes. This is 
tantamount to saying that the viability of the former is greater than that 
of the latter. 

The task of determining the frequency of the chromosomes containing 
minor deleterious modifiers is a difficult one, because the intensity of such 
modifiers ranges from semilethality up to the norm. In working with the 
Death Valley populations, an attempt was made to estimate this frequency 
by counting the number of strains which gave less than 34 percent wild 
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type in both F; and F,. The figure arrived at was 39 per cent of all chromo- 
somes studied, or 43.6 percent of the chromosomes having no lethals or 
semilethals. An obvious objection against this procedure is that a strain 
may deviate twice in the minus direction from the expectation without 
containing a viability modifier, but due to chance alone. On the other 
hand, strains containing mild deleterious modifiers may, also by chance, 
give more than 34 percent wild types in one or the other, or in both, gene- 
rations. This should mitigate the above objection, but nevertheless the fig- 
ure obtained is at best a rough approximation. In Mexican and Guate- 
malan populations, strains giving less than 32 percent wild type in both 
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FiGcuRE 5.—Distributions of the frequencies (in percent) of wild-type individuals produced in 
cultures where the wild types are homozygous (solid line) and heterozygous (dotted line) for wild 
third chromosomes. 


F; and F, may be taken to contain deleterious viability genes (the lower- 
ing of the standard from 34 percent to 32 percent is due to the average 
viability of the Mexican and Guatemalan heterozygotes being lower than 
that of the Death Valley ones, see below). The data presented in figure 4 
show that 31 strains gave less than 32 percent, but more than 16 percent, 
of wild type in F; and F,. This constitutes 27.2 percent of all chromosomes 
tested and 40.3 percent of those not having lethals or semilethals. The lat- 
ter figure agrees with that obtained for the Death Valley populations. 
More accurate, though less interesting biologically, is the determination 
of the average reduction of viability produced by homozygosis for a wild 
third chromosome. Again disregarding the lethals and semilethals, the Fs 
cultures have produced on the average 29.84 + 0.34 percent (computed 
from the data in table 2), and the F, cultures 30.31 + 0.38 percent wild 
type (computed from figure 4). A comparable figure for the heterozygotes 
(computed from the data in table 3) is 33.40 + 0.18 percent. The difference 
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is clearly significant. The survival value of homozygotes is distinctly below 
that of the heterozygotes, so that natural populations resemble to a certain 
extent the balanced lethal systems used in some laboratory experiments. 
This conclusion agrees with that arrived at on the basis of the study of 
Death Valley populations, although the exact figures obtained for the lat- 
ter are somewhat different, namely 35.52 + 0.20 percent for heterozygotes 
and 32.58 + 0.12 percent for homozygotes. Taken at their face value, the 
data suggest, therefore, that the genotype of the Mexican and Guatemalan 
populations is on the whole less favorable than that of the Death Valley 
ones under the environmental conditions at which the experiments were 
done. This difference must not be stressed unduly, since the experiments 
done at different times, actually more than a year apart, are not strictly 
comparable. Moreover, the mixture of the modifiers contained in the Mex- 
ican third chromosomes with those in other chromosomes of the or pr and 
or BI Sc pr strains may be in part responsible. 

Lethals and viability modifiers are not the only genetic variants de- 
tected in the wild third chromosomes. Although no sharp mutant types, 
such as are commonly used in linkage studies, were found in the Mexican 
and Guatemalan materials, at least nine of the homozygotes were pheno- 
typically abnormal in varying degrees. Of these, five were also semilethal, 
and four possessed normal or subnormal viability. Four were wing char- 
acters, two were dwarfish, one had a pale body color, one had short legs 
and antennae, and one showed black spots on the trochanters of the legs. 

Genes modifying the development rate are also common. Table 4 pre- 
sents the data for eight cultures in which such modifiers are manifestly at 
work. In Huehuetenango-2, Patzcuaro-2, and Amecameca-1g the early 
counts give a greater proportion of wild type than do the later ones. Here, 
consequently, the wild third chromosomes contain genes which speed up 
the development of the homozygotes (wild-type) relative to that of the 
heterozygotes (Bi Sc). The reverse is observed in the remaining five cul- 
tures, in which the early counts show a preponderance of B/ Sc, and the 
late ones an excess of wild-type flies. In these cultures the wild third chro- 
mosomes carry modifiers that slow down the development. Following the 
advice of Dr. K. MATHER, the reality of these phenomena was tested by 
calculating the x? values for heterogeneity, using the BRANDT and SNEDE- 
cor method. The x? values are shown in table 4 together with estimates 
of P, that is of the probability that such or greater deviations from homo- 
geneity may arise by chance. Except for Orizaba-1, the P values are very 
small, and hence the heterogeneity is a real one. As expected, in the F, 
generation the strains shown in table 4 have repeated their performance 
shown by F;, with the sole exception of Amecameca-19, which in F, 
showed mere traces of an excess of wild-type in the early counts. Since 
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out of 120 chromosomes tested in F;, 25 chromosomes contained lethals or 
extreme semilethals, an opportunity to detect modifiers of the develop- 
ment rate was present in only g5 cultures. Among these, 8 cultures mani- 
fested such modifiers, thus giving the frequency 8.4 percent. There is no 
doubt that this is a gross underestimate compared to the real frequency, 
because the experiments were so arranged that the detection of the devel- 
opment rate modifiers was made difficult. The parents were allowed to 
oviposite until their offspring started to hatch, thus obscuring the action 
not only of the slight but even of the medium strong modifiers. 


TABLE 4 


Proportions of wild-type and Blade-Scute individuals on successive counts in certain F; cultures. 
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RECESSIVITY OF THE LETHALS 


For an understanding of the population dynamics it is very important to 
know whether the lethals and other genetic variants present in the wild 
flies are completely or only partly recessive. The equilibrium frequency of 
a lethal in a population is determined by the mutation frequency produc- 
ing that lethal from the normal allele, by the frequency of the reverse mu- 
tation, and by selection eliminating the lethal-bearing chromosomes. A 
completely recessive lethal is sheltered by its normal allele as long as only 
individuals heterozygous for it are present in the population; the elimina- 
tion occurs only when homozygotes are produced. If the frequency of a 
lethal is q, that of the homozygotes is evidently q*. If, on the other hand, 
the adaptive value of the heterozygotes is lower than that of the non- 
lethal homozygotes, the elimination can go on at a much faster rate. 

To approach this problem experimentally, intercrosses of Bl Sc / wild 
females and males from different F, cultures were arranged. Two series of 
such intercrosses were made: in one of them the flies were taken from cul- 
tures known to contain no lethals in the third chromosomes, and in the 
other both parents carried lethals. The wild-type individuals appearing in 















































DROSOPHILA POPULATIONS 407 


the F; of the first series are free of lethals (except where the lethals might 
have arisen by mutation, which is negligible), and the B/ Sc sibs contain 
only one lethal, namely Blade. In the F; of the second series the wild-type 
flies have two lethals, one in each of their third chromosomes, and the Bl 
Sc sibs have also two lethals, namely Blade and one or the other of the two 
“natural” ones. It is evident that if the lethals are incompletely recessive, 
the average frequency of the wild-type individuals in the first series must 
be greater than that in the second series. 

Experiments of the type just outlined were made also with lethal-bear- 
ing and with non-lethal bearing chromosomes from the Death Valley popu- 
lations (DOBZHANSKY and QUEAL 1938b). The results obtained there sug- 
gested that at least some of the lethals have slight dominant effects. Since 
however the two series of the experiments were not run simultaneously, 
these results were not conclusive, in view of the possible environmental 
differences between the series: The problem being a rather important one, 
it was decided to repeat the experiments on a larger scale and with all pos- 
sible precautions, using Mexican and Guatemalan materials. The new re- 
sults are shown in table 3. Some of the intercrosses containing lethals gave 
no wild-type flies at all; cultures of this kind may be disregarded since they 
obviously represent instances in which the pairs of lethals found in wild 
populations happened to be alleles. Otherwise, the average frequencies of 
wild types in the cultures with and without lethals are respectively 33.11 
+ 0.27 percent and 33.59 + 0.22 percent. The difference, 0.48 + 0.35 per- 
cent is less than one and a half time greater than its probable error, and 
therefore not significant. As an additional check, the average numbers of 
offspring produced in the cultures of each series were computed, on the as- 
sumption that the possible dominant effects of the lethals may cause a drop 
in the productivity of the flies. The figures obtained were 160.25 + 4.12 
and 163.11 + 3.50 per culture containing and not containing lethals re- 
spectively. The result is again negative. 

The problem of the recessivity of the naturally occurring lethals is nev- 
ertheless not closed. In statistics, negative results are incapable of demon- 
strating the absence of a supposed effect, although they can show, and in 
the present case do show, that this effect, if any, is slight. Yet, even a very 
slight effect of this type is not negligible in population mechanics. An in- 
direct method of attacking the same problem is to compare the elimination 
rate of the lethals calculated on the assumption that they are completely 
recessive, with the mutation rate producing lethals. It is hoped to present 
results obtained with the aid of this method in a separate publication. 


DISCUSSION 


The genetic structure of Mexican and Guatemalan populations of D. 
pseudoobscura proved to be, in its broad outline, the same as observed pre- 
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viously in the populations of the Death Valley region. It encompasses an 
extensive variation in the gene arrangement in the third, contrasting with 
a relative stability in other chromosomes, some variation in the shape of 
the Y chromosome, and the presence of an amazing store of recessive le- 
thals, semilethals, deleterious viability modifiers, visible mutants, and 
modifiers of the development rate. Although it is premature to generalize 
these results as universal, even for all populations of D. pseudoobsura, it is 
reasonable to assume, as a working hypothesis, that similar conditions may 
prevail in many sexually reproducing and cross-fertilizing organisms. 
Pragmatically, differences are however at least as interesting as are the 
similarities, since the former may permit an insight into the operation of 
the forces of population mechanics. 

The environment in which D. pseudoobscura lives below the Tropic in 
Mexico and Guatemala is obviously distinct from that of the high moun- 
tain ranges of the Death Valley region. In Mexican and Guatemalan popu- 
lations about 30 percent of the third chromosomes carry lethals and semi- 
lethals, contrasting with only 15 percent in the Death Valley region. Is 
there any functional relation between the environmental differences and 
those in the genetic structure of the fly populations? Three hypotheses, not 
necessarily alternative to each other, may be advanced in this connection. 
First, the mutation rate producing lethals may be higher in the Mexican 
and Guatemalan populations than in the Death Valley ones. Indeed, 
DEMEREC (1938) and DuBovsk1J (1935) found that certain strains of D. 
melanogaster have a greater inherent mutability than others. Since the 
equilibrium point for a recessive lethal is the square root of the mutation 
rate, the mutation rate in the Death Valley race must be merely one-fourth 
of what it is in the Mexican-Guatemalan race. Experiments to test this 
possibility are in progress. Second, if the lethals are not completely reces- 
sive, their frequency may be influenced by selection in the heterozygous 
state. The stringency, as well as the sign, of the selection may differ in the 
respective geographic regions. Even if we were able to ascertain that le- 
thals have dominant effects, it would still remain next to impossible to 
test this hypothesis experimentally. A third possibility, which seems most 
plausible, is that the greater concentration of lethals in Mexico and Gua- 
temala is due to the effective size of the breeding population being greater 
in these countries than it is in the Death Valley region. 

If there is no reverse mutation from lethal to normal, the equilibrium 
concentratior. of a lethal in a population is, as stated above, equal to the 
square root of the mutation rate from normal to lethal. This is however a 
limiting case, fully realized only in very large populations, while in smaller 
ones the equilibrium may be, as shown by Wricut (1931, 1937) much 
lower. In the theoretical example discussed by Wricurt, the equilibrium 
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value for a lethal with a mutation rate of 1 : 100,000 is 0.0032 in an effec- 
tive population of one million or more, and only 0.00008 in a population of 
ten individuals. It is not possible to tell how great must be the difference 
between the population sizes to account for a 100 percent increase or a 
50 percent reduction in the concentration of lethals, since the relation 
between these variables in not a linear one. In WriIGHT’s example, a factor 
of ten can more than double the concentration of lethals in populations of 
the order from one to ten thousands, and smaller factors suffice for 
smaller populations. The accumulation of lethals in all parts of the dis- 
tribution area of D. pseudoobscura would have been equal if there were no 
racial variation in the mutation rate, and if the effective population sizes 
were large enough throughout to be treated as practically infinite ones. 
Our data show however that this is not the case. 

Although no exact information on the effective population size is avail- 
able, the following considerations are germane. In exceptionally favorable 
localities and in favorable season, a hundred or more individuals can as- 
semble in each trap bottle exposed for several hours. Even where the pro- 
ductivity of a trap is very much lower, there is no apparent decrease in 
the catch if the traps are exposed in the same place day after day. In 
localities where several species of Drosophila occur together, the composi- 
tions of the samples caught in different traps, placed about one or two 
hundred feet apart, may be very different, proving that the flies entering 
the traps come from their immediate neighborhoods, and certainly do not 
travel for miles to reach them. The absolute numbers of the flies present 
at the peak of the season in mildly favorable forested areas are, it appears, 
enormous. Yet, to infer from this that the effective sizes of the breeding 
population must always be practically infinite would be fallacious. Two 
things must not be lost sight of. First, in a species subject to seasonal 
fluctuations in numbers, the effective population size is close to that 
reached at the minimum phase (WIGHT 1938). Second, as shown by Dos- 
ZHANSKY and QUEAL(1938a) and by KOLLER (1939), populations inhabiting 
not only adjacent mountain ranges but even parts of the same mountain 
range are frequently distinct genetically. The microgeographic variations 
described in the present article also indicate that the elementary breeding 
unit may be a population inhabiting a very small territory, although how 
small that territory may be remains to be determined by future studies. 

Curiously enough, the apparent abundance of the flies in Mexico and 
Guatemala is lower than it is on the mountain ranges of the Death Valley 
region, although these latter are also by no means the most densely popu- 
lated places known. The writer collected in Mexico in September, which is 
the end of the rainy season, and again in March, which is in the second 
half of the dry period; at both times it proved to be not an easy matter to 
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assemble adequate samples in many localities. It may also be noted that 
in the Death Valley region, and in the California mountains in general, 
D. pseudoobscura is by far the commonest species attracted to the traps, 
while in Mexico and Guatemala it shares the available habitats with a 
variety of others, among which D. azteca and species of D. hydei and 
D. saltans groups are equally or more common. 

There is however an important difference between the Mexican and 
Guatemalan populations on one hand and those from the Death Valley 
region on the other, a difference which has, in fact, provided the stimulus 
for the present investigation. Beginning with the region lying several 
degrees of latitude below the Tropic of Cancer, the yearly climatic cycle 
consists chiefly in an alternation of rainy and dry, rather than of cold and 
warm, seasons. Despite the fact that D. pseudoobscura occurs in the high- 
lands of Mexico and Guatemala and avoids the strictly tropical zone, it 
can breed throughout the year without major interruptions, and without 
apparent shrinkages and expansions in numbers. The situation is quite 
different in the Death Valley region, where the forest belt is so high above 
sea level that it is covered with snow, or at least subjected to freezing tem- 
peratures, for about five months in a year, and in addition is exposed to 
extreme aridity in late summer. While in Mexico no difference in the 
apparent density of the flies was observed between September and 
March, which are climatically very distinct, sharp seasonal fluctuations 
occur in the California mountains. Although more information is admit- 
tedly needed on the seasonal populaton changes than is now available, it is 
safe to say that the amplitude of the fluctuations in numbers is smaller 
in D. pseudoobscura living below the Tropic than it is in the Temperate 
Zone. Although the apparent abundance of the flies at the peak of the 
season is greater in the Death Valley region than it is in Mexico or Guate- 
mala, the abundance at the eclipse stage, and therewith the genetically 
effective population size, are the opposite. The greater genetic hetero- 
geneity observed in the Mexican and Guatemalan populations is in accord 
with the expectation arrived at on theoretical grounds. 

The writer takes pleasure in acknowledging his obligations to the 
Carnegie Institution of Washington for the grant which enabled him to 
collect in Mexico and in Guatemala, to Pror. D. SocoLtov and Dr. 
LEANDRO E. LUJAN, and to many other persons who aided him in traveling 
and collecting, and to Mrs. N. P. StvErtzEv-DoBzHANSKY, Miss M. L. 
QUEAL, and Mr. E. HE Lp for their help in conducting the experiments. 


SUMMARY 


1. Samples of natural populations of Drosophila pseudoobscura were 
collected in eighteen localities in Mexico and Guatemala (figure 3), and 
a cytogenetic study of the material so obtained was made. 














DROSOPHILA POPULATIONS 4II 


2. Nine distinct gene arrangements in the third chromosome, one of 
them first described in the present article, occur in Mexico and Guatemala 
(table 1, figure 1). All but one are phylogenetically interrelated, and belong 
to the Santa Cruz “family,” which is indigenous also in the southwestern 
United States, but is rare or absent in the Northwest and in British Co- 
lumbia. 

3. The relative frequencies of the gene arrangements vary from locality 
to locality, showing both the major geographical trends and microgeo- 
graphic fluctuations. 

4. Santa Cruz and Estes Park arrangements, which are sufficiently 
similar presumably to allow crossing over throughout the length of the 
chromosome, practically never occur together. 

5. Two types of the Y chromosome are found in Mexico, and a third 
occurs in Guatemala (figure 3). 

6. The “sex-ratio” condition is moderately common in Mexico and rare 
in Guatemala. 

7. In Mexico and Guatemala, about 30 percent of the wild third chro- 
mosomes contain lethals and semilethals. This contrasts with the 15 per- 
cent obtained for the Death Valley region. 

8. Among the chromosomes free of lethals and semilethals, a large 
fraction, perhaps as much as 40 percent, have modifiers deleterious for the 
viability. Visible mutants and modifiers of the development rate are also 
common. 

9. The adaptive value of individuals homozygous for wild third chromo- 
somes is markedly below that of individuals heterozygous for different 
chromosomes found in the same population (figure 5). The lethals and 
other deleterious viability changes carried in wild third chromosomes seem 
to be completely recessive, although this is not regarded as established 
beyond doubt. 

10. The greater genetic heterogeneity observed in Mexican and Guate- 
malan populations as compared with those from the Death Valley region 
is probably due to the effective size of the breeding population being 
greater in the tropical than in the more northern localities. 
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INTRODUCTION 
T IS well known that the frequency of crossing over per unit cytological 
length, either mitotic or salivary, is not constant along the chromo- 
somes of Drosophila melanogaster. Furthermore there is ample evidence 
to show that the centromeric, or spindle attachment, regions of the 
chromosomes have certain peculiar properties in this respect. Two of the 

most important of these characteristics are: 

(a) Crossing over per unit cytological length near the centromere is 

lower than elsewhere. 

(b) Crossing over is most variable near the centromere, as shown by the 

effects of temperature changes, age and irradiation. 

Now the centromeric regions of the three long chromosomes are also pecu- 
liar in another respect; they are largely heterochromatic and “inert,” 
the more distal regions being euchromatic and “active.” It is important to 
know how far the special properties in crossing over of these regions are 
related to their heterochromatic nature, or on the other hand whether 
their low and variable crossing over is conditioned by proximity to the 
centromere. Such information is of value not only in connection with the 
theory of crossing over but also from the standpoint of the nature of 
heterochromatin, and of inertness. 

This problem hs been attacked in the past by OFFERMAN and MULLER 
(1932) who used two X chromosome inversions, sc* and 549, and several 
X-IV translocations. Their method was to follow crossing over in females 
homozygous for these structural changes. It was concluded that though 
the frequency of crossing over of the euchromatic regions was related to 
their proximity to the centromere, that of the heterochromatin was in- 
dependent of its position in the chromosome. Mention was made of at- 
tempts to follow the variability of crossing over in these changed chromo- 
somes, but no specific results or conclusions are noted. 

The many X chromosome inversions now available make it possible to 
attempt a more extensive analysis of the relations of crossing over, the 
centromere and heterochromatin. It seems desirable to confine attention 
to such inversions rather than to consider translocations, as the spatial 


* The cost of composition of tabular matter has been defrayed by the GALTON and MENDEL 
Memorial Fund. 
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distribution of crossing over in any chromosome is apparently related 
to the length of the arm in question (MATHER 1936). Certain data of this 
kind have been obtained by Stone and Tuomas (1935), GRUNEBERG 
(1935, 1937) and StuRTEVANT and BEADLE (1936), though these authors 
were largely concerned with other aspects of inversion behavior. The 
experiments described below are in many ways an elaboration and exten- 
sion of certain crosses made by these earlier investigators. 

I wish to express my gratitude to Prorrssor T. H. Morean for grant- 
ing me facilities for this work at the California Institute of Technology, 
while I was holding a Rockefeller International Research Fellowship. I am 
also indebted to Dr. A. H. StuRTEVANT and others of the genetical staff 
of that Institute for their interest and guidance during these investigations. 
A number of the flies used in the study of the y* inversion were kindly re- 
corded for me by Dr. P. Cu. KoLier. 


EXPERIMENTAL MATERIAL 


Crossing over was followed in flies homozygous for X chromosomes 
having (a) normal sequence, (b) the sc* inversion (c) the rs#* inversion 
(d) the sc* inversion (e) the y* inversion. Certain other inversions would 
have been valuable for the work, but were either not readily available or 
difficult to use on technical grounds. 

The lengths and positions of the inversions are shown, together with the 
loci used, in figure 1. The locations of the breakage points and gene loci 
in the euchromatic left section of the chromosome (shown by a solid line) 
are based on BrincEs’ (1938) salivary map of this element. These loci 
may be placed on such a map with some precision. The heterochromatic 
right end of the chromosome (shown as a wavy line) is, however, not 
portrayed with any attempt at accuracy, other than as to the positions 
of the breaks relative to each other and to the bd locus. Information about 
the length and structure of this heterochromatin is not good, and in any 
case the relative length is not the same in salivary and mitotic chromo- 
somes. 

Descriptions of the inversions and their phenotypic effects, together 
with the evidence for the location of their breaks in the places chosen, will 
be found in the papers cited in the introductory section. 

It will be convenient at this point to give the meanings of the gene 
symbols used in this paper. The inversions are scute-8 (sc*), scute-4 (sc*), 
roughest-3 (rs#*) and yellow-4 (y*). The name and symbol in each case 
depends on the mutation or position effect accompanying the inversion. 
The genes used are yellow (three alleles, y, y? and y*"4) apricot (w*),echinus 
(ec), crossveinless (cv) cut-6 (ct®), vermilion (v), dusky (dy), garnet-2 (g’), 
forked (f), Bar (B), carnation (cr) and bobbed (two alleles, bb and bb’). 
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Their positions on the standard map are shown in figure 1 and also given 
numerically in table 14. 

In nearly all cases the crossover data were obtained from single females 
which were mated with from one to five males in a vial for the first day 
after emergence. These single females were then allowed to lay in separate 
bottles for two-day periods. After four such periods, that is, on the ninth 
day, the surviving females were removed and killed. In the temperature 
experiments, the females were raised from an early Jarval stage through 
pupation and emergence at the chosen temperature. They were further 
mated and allowed to lay at this same temperature. Thus the data 
on crossing over at any temperature are from progeny of females whose 
whole life, after the first few days as larvae, was spent at that tem- 
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FiGuRE 1.—Diagram showing the relative positions of the inversion breaks and of the genes 
used in these experiments. The solid line indicates euchromatin, and the wavy line heterochroma- 
tin. The positions of the various loci in the euchromatin are taken from BripGEs (1938) map. The 
loci in the heterochromatin are not accurately placed. Only their relative positions are shown. 


perature. The actual progeny of these females, after the removal of the 
mother, was always raised at 25°C in order to minimize death from over- 
heating. 

In all cases it proved possible to obtain adult females at each of the 
temperatures tried. Sometimes however these females were sterile, or 
nearly so, at the higher temperatures and so no crossing over data could 
be obtained. These observations may be of interest and so they are set 
out in tabular form in table 1. “Partially fertile” indicates that the number 
of offspring, though considerably reduced, was still appreciable. 











TABLE I 
SEQUENCE 19°C "Cc 28°C 30°C. 
Normal Fertile Fertile Fertile Fertile 
sc Fertile Fertile Fertile Fertile 
rst? Fertile Fertile Fertile Partially fertile 
ys Fertile Fertile Partially fertile Sterile 


sc Fertile Fertile Almost sterile Sterile 
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The results are shown in tables 2-13 in the form of recombination 
percentages together with the number of flies counted. Details of segrega- 
tions cannot be given as they would occupy too much space. 

The statistical analyses were concerned with the frequencies of re- 
combination, each marked section of the chromosome being treated in- 
dividually. In all cases the x? test was used, x? being calculated either by 
the method appropriate to a 2X2 contingency table or from BRANDT and 
SNEDECOR’S formula (MATHER 1938). The xs were analyzed into two 
parts, one concerned with variation in recombination following tempera- 
ture changes and the other relating to age variation. Table 2, for example, 
contains the results of an experiment involving three temperatures with 
four ages at each temperature. Thus there are 12 groups, and hence 11 
degrees of freedom. Now if we sum all the data for any one temperature 
regardless of age (given as Totals in table 2) we have three groups separated 
solely on the basis of temperature. A test of this “temperature variation” 
may be made by calculating a x? for two degrees of freedom. Within each 
temperature are four age groups, which may be compared by calculating 
a x for three degrees of freedom. We may however sum the three age x’’s, 
one from each temperature, and obtain a general “age variation” x? for 
9 degrees of freedom. Thus the 11 degrees of freedom between the 12 
recombination determinations are divided into two for temperature and 
nine for age variation. Below each table are given the x? analyses and the 
appropriate probabilities as determined by reference to a table of x? such 
as that given by MATHER (1938). 


OBSERVATIONS 


(a) Control data. Three different crosses made using the normal chro- 
mosome sequence were 
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In both (2) and (3) other genes were segregating but were disregarded for 
various reasons. There is no reason to believe that any of these extraneous 
segregations would upset the results from the genes followed. 

The cross (1) was made three times. On each occasion, if more than one 
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temperature was used, the heterozygous females used were all sisters, 
though raised at different temperatures. Hence their results are strictly 
comparable, if it is granted that age of mother or father has no effect on 
the frequency of crossing over in the daughter. Both male and female 
progeny were recorded in each case, with the exception of the 30°C cross, 
where only males were used. In this case the males used in the cross were 
of a slightly different constitution (table 4). Their sisters were of type 3. 

The heterozygous females used at the different temperatures in crosses 
2 and 3 were also progeny of the same parents. 

















TABLE 4 
y ut bb — 
Cross eee ei, y? cv v f cr bb' [Males recorded] Percentages of Recombination. 
cv v 
30°C 
REGION 

2-3 DAYS 4-5 DAYS 6-7 DAYS 8-9 DAYS TOTAL 

yur 3.24 1.52 2.06 3.92 3.26 
u—cov 18.77 16.46 15.10 18.14 16.92 
crv 24.92 25.57 26.78 26.96 25.97 
vf 32.68 29.62 5.36 29.41 29.15 
Number of flies 309 305 351 204 1295 








The control data are summarized in tables 2-6. Results for different 
temperatures where shown in the same table, were obtained from sister 
flies, as noted above. Where on different tables the mother flies were not 
sisters. In general the results are much as expected, though recombination 
throughout is higher than would be expected from the standard map. 
The data confirm STERN’s (1926) conclusions in showing that the region 
f-bb shows temperature variations in recombination, and even go further 
in narrowing down this effect to the cr-bb region. The other regions also 
show significant age variations, particularly in the data of table 3, but 
as these are not consistent from one group of data to the next it seems 
safe to suppose that these are not due to genuine age and temperature 
effects. Their cause is not obvious. 

The data of table 4 are particularly aberrant in showing very high re- 
combinations for all the regions. These results are, however, not strictly 
comparable with any of the others, except for the v-f region. For this 
region they may be compared with their sisters recorded in table 6. This 
comparison shows the figures of table 4 to be unduly high; they should 
therefore be treated with considerable caution. In general the age and 
temperature effects occur consistently only in the f-bd region. 

One technical point may properly be considered here. In the crosses of 
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tables 5 and 6, segregation for the extreme bobbed character was observed 
and as was expected, the extreme bobbed females failed to equal their not 
bobbed sisters in number. Now MorcGan, BrinGEs and ScHuttz (1935) 
advocate treating the bd locus as a lethal and discarding all the extreme 
bobbed flies. Equal numbers of flies are then raised from crosses having 
bb in coupling and in repulsion with the other genes, in order to balance 
the effect. I have not followed this practice as there is internal evidence 
which shows that the bobbed flies may be used. The extreme bobbed flies 
will not give different recombination values for the various regions unless 
their mortality is affected differentially by the other genes. 

This question may be approached statistically. If we make a 2 X2 table 
having recombination and non-recombination for the region in question 
along one margin and the numbers of bd and not-bb flies along the other, 
we may calculate a x? which will detect differences in recombination be- 
tween bb and not-bd flies. They should, of course, give the same recombina- 
tion value. The x? values, calculated separately for each age group at each 
temperature, wherever the numbers are sufficiently large, may then be 
summed for each region. In this way we obtain a x? testing the agreement, 
over all ages and temperatures, of the bd and not-bd flies in the recombina- 
tion shown for either the v-f region or the f-bb region or any other region 
followed. Each 2X2 table in the analysis will contribute one degree of 
freedom (MATHER 1938). The results of this analysis are: 

















DATA FROM DEGREES 
REGION CROSS GIVEN x? OF PROBABILITY 
IN TABLE FREEDOM 
v—f 6 15.4941 II ©.20-0.10 
f—bb 6 14.8671 II ©.20-0.10 
v—B 5 14.9245 II ©.20-0.10 
B-—cr 5 5.7476 9 ©.80-0.70 
cr—bb 5 9.4679 9 ©.50-0.30 





It will be observed that in no case is the x? significant. Hence for-the pur- 
pose of determining the recombination values, we may add the 0b flies to 
the not-bd flies, and need not discard them as has been advocated. Further 
results illustrating the same point will be given in the section dealing with 
the rs#® crosses. 

(b) Inversion sc’. This inversion was used quite extensively. All the 
genes employed in the experiments were introduced by double crossing 
over, with the exception of the yellow markers. Two ways of achieving 
this were used. In the first place the sc*® deficiency chromosome was 
employed. This is sc* with the uninverted left section and a small amount 
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of the inverted heterochromatin missing. The deficiency covers yellow and 
may be used to mark that locus. The second marker was the mutant y*"4, 
introduced into the sc* chromosome by X-irradiation. The sc® deficiency 
chromosome requires further comment. The deficiency for the inverted 
heterochromatin was detected by showing that it was deficient for bb. 
This was done by crossing to bb and bb! stocks. With bd it gives extreme 
bobbed females and with bb! it is lethal. Secondly this chromosome shows 
a very peculiar type of segregation from normal sc* chromosomes. In the 
daughters of a sc®/sc® def. female the deficiency is recovered just twice as 
frequently as the corresponding portion of the other chromosomes. The 
segregation for other loci in such flies depends on the closeness of their 
linkage to the yellow locus. The reasons for this behavior are not fully 
known, but it seems to be bound up with a maternal effect. However, the 
recombination values shown by such females agree reasonably well with 
those shown by sc®/sc flies and so may be used (tables 7-9). 

The sc* recombination values are given in tables 7-9. In each case the 
females used at different temperatures, where shown in the same table. 
were from the same parents, as in the case of the control data. 

It is unfortunately true that in these crosses, as in the controls, a certain 
amount of inconsistent variation is shown by nearly all the regions fol- 
lowed. The only region to show consistent variability in recombination 
with temperature is however the y-f region. There is a suggestion of varia- 
bility with temperature in the cv-w* section but it is not particularly clear 
and cannot be taken with any emphasis. The variability of the y-f section 
with temperature is further checked by the rs# data given in the next 
section. 

In table ro are the results of a more complex determination of crossing 
over in the sc* chromosome. This was done solely at 25°C, and no account 
was taken of age of mother. Eight loci were followed and this allowed a 
rather detailed analysis of the distribution of crossing over in this chromo- 
some to be made. An attempt was made to follow the sable (s) gene in 
addition; but for a number of reasons, notably the difficulty of classifica- 
tion of s on y*4, complicated by the apparent segregation of some auto- 
somal modifiers of s, the attempt was given up. Sable did not segregate 
visibly in the daughters as the recessive fathers were not carrying this 
gene. The bb! of the test males had no effect as the mothers were homo- 
zygous not-bb. 

(c) Inversion rst®. Only one type of cross was used with this inversion. 
This was 


rs® yy bbecr 
rst? bb fua 





Xv"? cv vf cr bb! 
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It was believed at first that only the rsé* y cr chromosome was carrying bb 
and it was planned that this locus should be followed. The results showed 
unequivocally, however, that both chromosomes carried bb. Since all the 
daughters were of the extreme bobbed type, this locus could not be used. 
In most cases only the sons of the cross were recorded as, at that time, 
suspicion of the effects of extreme bobbed on recombination determination 
was felt. In some cases, however, it was necessary to use some of the female 
progeny in addition to their brothers, owing to the low number of the 
latter. These cases are confined to the 25°C data. In these cases, as in the 
corresponding cases of the control data, the validity of the, grouping of 
males and females was tested. (In the control series the flies were all of 
one sex but differed in their phenotype for bb.) A 2 X11 table was prepared. 
The classification one way was into eleven classes, being the complement- 

















TABLE 8 
sc® iid w ’ ; 
Cross * tin w* cv v f [Both sexes recorded] Percentages of Recombination. 
v cv 
30°C 

REGION 
2-3 DAYS 4-5 DAYS 6-7 DAYS 8-9 DAYS TOTAL 
yey 19.66 15.84 17.09 17.63 17.58 
fo 21.88 19.57 18.18 21.58 20.33 
v-cv 19.32 16.55 14.73 17.81 17.13 
cv-u* 7 as 5.69 6.18. 9.17 7.10 
Number of flies 585 562 550 556 2253 











ary non-crossover classes, the complementary single crossover classes for 
each of the four regions, y —cr, cr —f, f-—v and v—cv, and lastly the summed 
double crossovers. These were summed, as the individual double crossover 
classes contained but few individuals. The classification the other way 
was intoextreme 6b females and normal males. Using BRANDT and 
SNEDECOR’S method to a compute a x’, having 10 degrees of freedom, 
for agreement between the two sexes in the frequencies with which they 
showed flies of these eleven classes, it was found that two such tables gave 
the following results: 








DEGREES OF FIRST TABLE FOR | SECOND TABLE FOR 
FREEDOM 2-3 DAYS AT 25°C 8-9 DAYS AT 25°C 
a PROBABILITY | x? PROBABILITY 
bf) 15.778 ©.20-0.10 } 5.870 ©.90-0.80 


It is thus clear that the sexes are giving no evidence of differences in the 
recombination frequencies of the four regions and many be added for the 
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present purpose. This was then done and no further distinction was drawn 
between the normal males and the extreme bobbed females. This agrees 
with the absence of effect of extreme bb on apparent recombination in 
certain regions of the normal chromosome. 

The rs# data are given in table 11. They are quite unambiguous in show- 
ing a temperature variation in the frequency of recombination in the 
y—cr region but in no other section of the chromosome. This is in general 
better shown here than by the sc® results. Certainly the data from both 
inversions taken together bring out the variability of the y—f or v—cr 
region very well. 














TABLE Io 
er TF 7 cv uw 
Cross Xy? w ec cv ct® dy f cr bb' [Females recorded]. 
sc8 cr os cts ec 
NUMBER 
REGION y4_cr cof f-dy dy-c® ci-cv crec ec-ut OF FLIES 


RECOMBINATION 4.99 10.81 22.47 14.89 3.86 3.02 0.98 1424 








The other striking feature of the rsé* results is the large recombination 
value of the y—cr region (see also GRUNEBERG 1935, 1937). This will be 
discussed later. 

(d) Inversion sc*. The cross 

sc4 y w 


: x B 
scty g’ ct ec 





was used, only the males being recorded (table 12). It proved impossible 
to obtain many flies at 28°C, so no attempt to follow the variability of the 
recombination values was made. The results are of some interest in con- 
nection with the so-called spindle fibre effect. 

(e) Inversion y’. A number of flies were raised from the cross 


v4 


———-— 4" 09 9 
yi fv a f 
at 25° and 28°C. The results are given in table 13. Little need be said about 
them. There is no evidence of age or temperature variation in either 
region. This is not unexpected, in view of the length and position of the 
inversion. 
DISCUSSION 
The “spindle fibre effect” 


Table 14 shows a summary of the frequencies of recombination observed 
in the different regions at 25°C. The standard map differences are also 
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given for comparison. It will be seen that the normal sequence results 
agree reasonably well with the standard, though they are in general slightly 
higher. The proximal regions are slightly more variable than the rest, 
as might be expected from the results of GowFN (1918). 

On turning to the results from the sc* chromosome we find that the 
region w*—ec, normally distal, on being placed close to the centromere 
becomes genetically much shorter. It shows about a quarter of its normal 
frequency of crossing over. This is a clear manifestation of the so-called 
spindle fibre effect. The effect decreases in potency as we proceed distally 
along the chromosome. The region ec—cv is about 37 percent of normal, 
the cv—ct region 61 percent of normal and the rest almost unchanged, 
except for f—cr, which is now nearly twice as long as usual. In this case it 
is the reverse of the spindle fibre effect, observed when a normally proxi- 
mal region is displaced distally. Are these effects on crossing over genuinely 
caused by the centromere or are they the effect of heterochromatin? The 


TABLE 12 


= —_—— XB [Males recorded] Percentages of Recombination. 
scty g*ct* ec 





NUMBER OF 
REGION g>-cl® ct®—-ec ec—u* FLIES 


TOTAL 24.38 12.60 2.19 365 





answer is obtained by comparison with the sc‘ results. In the latter, the 
w*—ec region is about 50 percent normal, that is, it is showing a smaller 
spindle fibre effect than in sc*. Now it is known that the right break of 
sc‘ is much distal to the right break of sc’ (GERSHENSON 1935). In the lat- 
ter, w*—ec is nearer to the centromere but adjacent to a smaller section of 
heterochromatin than in sc*. Now the greater reduction in sc* as compared 
with sc* is easily explained as due to a stronger centric effect, following 
greater proximity to the centromere. On the other hand if the spindle fibre 
effect is supposed to be due to the heterochromatin, this result is difficult 
to understand, as it would mean that the smaller portion of heterochro- 
matin is having a greater effect than the larger one while the f —cr region at 
the other end is showing the reverse, in that f—cr is genetically longer in 
sc* than in normal sequence. Thus the supposition that the spindle fibre 
effect is a genuine centric action seems more reasonable. The behavior of 
the ec—c#® region is in agreement with this view. 

The rsé® data support those from sc® in showing that proximal regions 
displaced distally have increased crossing over, f—cr being here 8.8. This 
value probably does not differ in reality from the 10.8 of sc*. 

The y‘ results are of negative interest in helping to demonstrate the 
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absence of any effect when the right break of the inversion is not close to 
the centromere. 
Crossing over in the heterochromatin 


If the low crossing over per unit cytological length in the proximal 
euchromatin is due to an effect of the centromere and not to some property 
of the adjacent heterochromatin, the question immediately arises as to 
whether the heterochromatin itself fails to show crossovers because it is 
near to the centromere or whether it is by nature incapable of free crossing 
over. The behavior of the sc* and rs? chromosomes supplies information 
on this point. 
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FicuRE 2.—Diagram to illustrate the “‘spindle fibre” effect. The solid line indicates euchro- 
matin and the wavy line heterochromatin. The numbers above the symbols are the recombina- 
tion percentages observed. 


In the case of sc® the left break of the inversion is between achaete and 
scute (STURTEVANT and BEADLE 1936) and so y serves as a good marker 
of this point. If crossing over between y and cr is followed in the sc® 
chromosome, a comparison with the value of 3.5 between cr and bb, which 
genetically speaking practically coincides with the centromere, yields 
information of this type. The value observed in experiment was 5.0 per- 
cent (table 10) which shows a very low excess over the standard 3.5 per- 
cent. Such an excess could be accounted for by the increase of crossing 
over observed in distally displaced proximal regions, as in the case of 
f—cr. The situation is somewhat different in the case of rsf®. Here the left 
break lies between w* and ec, probably nearer the former. Thus there is a 
section of euchromatin undisturbed near yellow. Its length is at most 
5.0 crossover units and probably much less. At 25°C, 15.6 percent re- 
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combination was observed between y and cr in homozygous rsé females 
(GRUENBERG, 1937, gave even larger values). Allowing 5 percent for the 
included remnant of euchromatin, this leaves nearly 11 units for crossing 
over between cr and the breakage point. It would then seem almost beyond 
doubt that, by comparison with the 3.5 of the normal and the 5.0 of sc®, 
some crossing over must be taking place in the distal heterochromatin of 
rst®. The cause of the discrepancy between sc® and rsé* is not clear, as sc® 
certainly includes, according to GERSHENSON, a considerable piece of 
inverted heterochromatin. It would be of great interest to obtain a cross- 
over between rsé and sc* or rst* and sc‘ to see how much more heterochro- 
matin is inverted in rs#* than in sc*. It is doubtful if the excess is sufficient 
to account for the difference in the observed recombination values. 

Another possibility exists. If there is a small distal region of low crossing 
over near yellow, the heterochromatin of the sc* inversion might lie wholly 
or largely in this area and show little if any more crossing over than in its 
normal place; whereas in rsé? the remaining euchromatin between y and 
the inversion would keep the inverted heterochromatin in the region of 
high crossing over. This combined with some excess of inverted hetero- 
chromatin in rsf* as compared with sc* might perhaps account for the dif- 
ference. 

Such a distal region of low crossing over, which CHARLES (1938) has 
supposed to be equal to the centric region, must in fact be shorter than the 
latter. The evidence from sc* shows this well. The region f—cr is clearly 
nearer to y in sc®* than it is to the centromere in the normal sequence 
because the inversion, while almost involving y, does not involve all the 
heterochromatin. Yet this region shows more crossing over in sc* than in 
the normal chromosome. 

Whatever the situation with regard to the distal region of low crossing 
over and the difference between rs/* and sc*, there can be little doubt that 
in rst’ the heterochromatin is showing some crossing over, though whether 
heterochromatin can cross over so freely as euchromatin is an unanswered 
question. It then follows that the frequency of crossing over in hetero- 
chromatin, as in euchromatin, is dependent on the distance from the 
centromere. 


The effect of temperature on crossing over 


We have seen above that most probably the “spindle fibre” effect is 
governed by the centromere and that heterochromatin can most likely 
cross over when displaced from its position near the centromere to one 
where crossing over is more favoured. The heterochromatin is thus similar 
to the euchromatin in respect of some of its behavior in crossing over. 
We must now turn to the question of the cause of the high temperature 
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sensitivity of crossing over near the centromere in the normal chromosome. 
Here the answer is different. 

The data of tables 2-6 confirm STERN’s (1926) conclusion that tempera- 
ture affects the frequéncy of crossing over in the f—6b region and nowhere 
else, in the normal chromosome. The data of table 6 further narrow down 
the seat of the main disturbance to the cr—bb section. This could clearly 
be either another effect of the centromere or a peculiar property of the 
heterochromatin, which may also be expressed by adjacent euchromatin. 

Turning to the sc* and rstf* data once more we possibly find slight evi- 
dence of variability with temperature of crossing over in the now proximal 
w*—cv region in sc*. On the other hand the distal y—f region of sc* and 
y—cr region of rsé* show a marked and consistent variability of crossing 
over with temperature changes. The intermediate regions show some spas- 
modic variability which is unrelated to temperature. 

Thus we here have clear evidence of a property peculiar to heterochro- 
matin. Whether proximally or distally placed, its frequency of undergoing 
crossing over is very much more affected by environmental conditions 
than is the case with the euchromatin. There is no real evidence of any 
relation between variability and distance from the centromere, as the 
possible sensitivity of w*—cv in sc* may be ascribed to its being in juxta- 
position to the inverted heterochromatin. (It may be noted that the results 
of GRAUBARD (1932) on temperature effects in chromosome II fall into 
line if we suppose his inversion included no heterochromatin.) 

Thus of the two peculiarities with regard to crossing over of the centric 
region of the normal chromosome, one, the low frequency, is an effect of 
the centromere while the other, the sensitivity to environmental changes, 
is a property of the heterochromatin. Further, though the heterochromatin 
most probably resembles the euchromatin in showing a similar relation in 
crossing over to position with respect to the centromere, it is distinct from 
the euchromatin in its susceptibility to environmental conditions. 


SUMMARY 


Crossing over was followed in females homozygous for the normal 
sequence and four inversion sequences in the X chromosome, different 
temperatures being used. 

The results indicate that: 

(a) crossing over in the euchromatin is dependent upon the distance 
from the centromere. 

(b) the heterochromatin can show crossing over, the frequency obtained 
being dependent on distance from the centromere. 

(c) high sensitivity of crossing over to temperature is a property of the 
heterochromatin. 
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Thus of the two special properties of the centric region in crossing 
over, that of the low frequency is a property of adjacency to the centro- 


mere, while that of variable frequency is a property solely of the hetero- 
chromatin. 
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